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1 Introduction
1.1 Background
1.1.1 Functional neuronal circuits in vitro and biohybrid systems
Many of the established cell culture models of functional neuronal circuits suffer from
a fundamental flaw. Several approaches have shown, that recurring activity patterns
emerge in long-term neuronal cultures (van Ooyen et al., 1992; Segev et al., 2002; van
Pelt et al., 2004a,b, 2005; Berdondini et al., 2006; Wagenaar et al., 2006a,b). These
circuits are well balanced between excitation and inhibition, undergo maturation and
refinement and even show complex network responses to pharmacological agents. It has
also been tried to interpret the correlation of electrical external input into the in vitro
networks with reproduceable activity pattern changes as conditional output of the system
(DeMarse et al., 2001; Wagenaar et al., 2005; Potter et al., 2005). Thus a biohybrid signal
processing system is generated. These biohybrid systems, incorporating a neuronal sub-
system into silicon circuitry, allow interesting insights into biological as well as technical
questions. However, at this point a conceptual problem arises – how can the function
of the artificial system be interpreted in neurobiological terms? Does the emergence of
activity and (in an experimental system) signal processing give meaningful information
of how functional circuitry is formed in the brain?
These questions are difficult to answer, because no "biological function" per se against
which hypotheses could be tested can be attributed to a diffuse network of dissociated
neurons in culture.
To address this conceptual shortcoming a neuronal circuit, of which the biological func-
tion in the brain is known, should be reconstructed in culture. The anatomy, physiology
and function of the in vivo circuit taken as a model forms the ideal endpoint of the in
vitro development. Ideally, the output of the reconstructed circuit should be identical
to the output of the in vivo circuit, if the same input is presented to both. Only un-
der these conditions can differences between the in vivo and the in vitro output provide
meaningful information about the system, thus allowing more precise technical as well
as neurobiological conclusions.
What are the properties of a good candidate circuit for this function-guided reconstruc-
tion? Since cultivation of neuronal cells implies many methodological difficulties on its
own, the circuit should be simple, i.e. not be composed of many different neuron types.
Its function should already be well defined. To allow for precise comparisons between
the in vivo and in vitro situation, it should have been studied on many different levels of
complexity in respect to both anatomy and physiology.
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One neural circuit was chosen to be reconstructed as a biohybrid system within the
framework of a collaborative effort of several groups1 of which this thesis work was part.
It is the sound localisation circuit from the auditory brainstem of birds.
Briefly (since I will describe the in vivo nuclei in the following sections), the circuit
consists of two neuron types. Two populations of the first neuron type (Nucleus mag-
nocellularis neurons, NM) on both sides of the brain project onto the population of the
second neuron type (Nucleus laminaris neurons, NL). The nature of the projection and
the coincidence detector properties of the NL neurons enables this simple circuit to per-
form a complex task: the measurement of very small timing differences between excitation
in NM neurons and the representation of these time differences as a map formed by the
NL neurons. See figure 1.1 for a depiction of the biohybrid system whose construction
in vitro is the ultimate goal of the project.
Eventually, the NL neurons are situated on recording electrodes (or field-effect transistors
to allow recording of sub-threshold events) and the two populations of NM neurons can
be individually or collectively stimulated. In this reconstruction the detailed physiology
and developmental dynamics of such a coincidence detection circuit can be studied.
Figure 1.1: Depiction of the avian auditory brainstem coincidence detector circuitry as a
biohybrid system in vitro. Red and green: NM neurons. Yellow: NL neuron. Lightblue: micro-
contact printed growth lanes. Grey: Stimulation and recording electrodes integrated in the
microchip substrate
1virtuelles Institut für Biohybridtechnologie, vIBHT; sponsored by the Helmholtz Gesellschaft
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1.1.2 Form and function of the auditory brainstem of birds
The Jeffress model In 1948 Loyd A. Jeffress proposed a model of "a place theory of
sound localization based on the discrimination of small time intervals" (Jeffress, 1948),
which included delay lines and coincidence detectors as key components. The delay lines
compensate the interaural time difference in the sensory information that is due to spa-
tial difference between the two ears, if the sound source that is perceived is not directly
in front (or behind). The second key component of the Jeffress-model are the coinci-
dence detectors, at that time hypothetical neurons that are only active when excitation
reaches them from contra- and ipsilateral ear at exactly the same time. Thus, "we have
a difference of time represented as a difference in place" (Jeffress, 1948) and therefore
a continuous map of horizontal auditory space formed by the population of coincidence
detector units.
In the classical paper, based on the cat auditory system, Jeffress speculated that "we
Figure 1.2: Original drawing of Jeffress’ model of sound localisation utilising interaural time
differences.
must look for the center either in the inferior colliculus or in the medial geniculate body"
(Jeffress, 1948). Later it became clear that the Jeffress model in its pure form is not found
in the mammalian auditory system. But a circuit that very closely resembles the delay
line and coincidence detector scheme was found in the avian auditory brainstem (Kon-
ishi et al., 1988; Overholt et al., 1992; Joseph & Hyson, 1993; Carr & Boudreau, 1993;
Pena et al., 2001). Here the axons of the Nucleus magnocellularis (NM) neurons, which
probably are homologous to the bushy cells in the mammalian anteroventral cochlear
nucleus, take on the role of the delay lines. The Nucleus laminaris (NL) neurons, which
are bilaterally innervated by NM, represent the coincidence detectors and constitute the
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place map – the first representation of interaural time differences.
Anatomy of the auditory brainstem and morphological specialisations of NM/NL
In the auditory brainstem of birds the morphological and physiological specialisations
can be connected to the function of the neurons – the fast and faithful transmission of
auditory information.
Auditory nerve fibres (the axons of the cochlear ganglion neurons) project onto neurons
in the two cochlear nuclei, Nucl. magnocellularis (NM) and Nucl. angularis (NA). The
tonotopical order, that results from the frequency analysis performed by the cochlea,
is conserved in this projection (Parks & Rubel, 1978). NM neurons project bilaterally
onto the Nucl. laminaris and also maintain the tonotopy (Parks & Rubel, 1975). The
ipsilateral NM axons innervate the NL from the dorsal side, the contralateral axons cross
the midline and innervate the NL from the ventral side. The NM terminals cover a large
proportion of the somatic (42%) and proximal dendritic (63%) membrane area (Parks
et al., 1983). These two synaptic steps, from CN to NM to NL, form the time domain of
the auditory brainstem pathway, i.e. the information processed in this part of the audi-
tory pathway is processed according to its timing information content (Adolphs, 1993).
Both NA and NL project to the superior olivary nucleus (SON), which is situated in the
ventral brainstem. The neurons in this nucleus provide reciprocal GABAergic projections
back onto NA and NL and also to NM (Code et al., 1989; Burger et al., 2005a).
The NL neurons (and the NA neurons) are the output neurons of the auditory brainstem
(Adolphs, 1993) and project into higher order parts of the auditory pathway – namely
the nuclei of the lateral lemniscus (nucleus ventralis lemnisci lateralis, pars anterior and
nucleus lemnisci lateralis pars ventralis) and the nucl. mesencephalicus lateralis pars dor-
salis (or torus semicircularis), the avian homologue of the mammalian inferior colliculus.
The NM is the most caudal of the auditory nuclei (Carr & Boudreau, 1991). In the
adult (or post-hatch) chicken it contains two neuron types: most of the NM neurons are
large, round neurons that have few or no short dendrites and a large axon (Jhaveri &
Morest, 1982b). They receive input from the auditory nerve via a large synaptic ending,
the endbulbs of Held (Jhaveri & Morest, 1982a). This calyx-shaped giant synaptic ending
covers a large amount of somatic membrane space. The other neuron type is found in
the most caudolateral low-frequency region of NM and has longer dendrites. These cells
do not receive input via endbulb synapses but via bouton-like synaptic endings (Jhaveri
& Morest, 1982b). The GABAergic terminals from the SON neurons can be found on
somata and dendrites of the NM neurons, as opposed to the strictly axo-somatic synapses
of the auditory nerve fibres (Carr et al., 1989; Code et al., 1989).
The NL lies slightly anteromedial and ventral in respect to the NM. In the chicken it
contains a single plane of evenly spaced, fairly large bitufted neurons that receive input
from contra- and ipsilateral NM via bouton-like synapses (Parks & Rubel, 1975; Jhaveri
& Morest, 1982a; Pettigrew et al., 1988). The neurons have several dendrites positioned
on opposing poles of the cells, with each dendritic tuft reaching into a cell free area dorsal
or ventral of the nucleus (Parks & Rubel, 1975). Along the axis of tonotopy, which runs
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from caudo-lateral (low best frequency) to rostro-medial (high best frequency), there is a
gradient of decreasing dendrite lengths (Smith & Rubel, 1979). In the NM as well as in
NL the size and shape of the soma and the comparatively simple dendrite structure can
be interpreted as a specialisation to reduce the relative membrane area in comparison
with cell volume. This may allow very fast polarisation changes of the membrane.
In the barn owl the same neuron types are found in NM and NL as in the chicken,
but only in the lower best frequency areas of the nuclei (Carr & Boudreau, 1993; Koppl
& Carr, 1997). Since the barn owl can perceive sound frequencies that are at least an
octave higher than those that chicken can hear, the high frequency areas of both nuclei
are much more pronounced. Here the morphological specialisations of the neurons are
more extreme – NM neurons are even larger, spherical and do not have any dendrites.
NL neurons only have somatic spines instead of dendrites. By far the largest difference
between barn owl and chicken is the structure of the NL. In the barn owl most of the
nucleus (with the exception of the lowest best frequency regions) deviates from the planar
organisation of the chicken NL. Here the nucleus is strongly enlarged in the dorso-ventral
axis. It forms a neuropil of many more NL neurons, which are contacted by the NM
axons with en-passant and terminal synaptic boutons (Carr & Boudreau, 1993). In the
barn owl there are indications that the delay lines and coincidence detector arrays (in
the sense of the Jeffress model) are organised in a dorso-ventral direction (Konishi et al.,
1988).
Physiological specialisations of NM and NL neurons A central functional feature of
the NM and NL neurons is their capability to phase-lock to the acoustical excitation
from the cochlea up to very high frequencies (Reyes et al., 1994, 1996). This allows
precise representation of the phase information of the perceived sound. In order to do
this, neurons in the auditory brainstem have to be able to fire rapid action potentials of
accurately uniform time course. Furthermore, since out of phase action potentials would
create ambiguous time information, the signal-to-noise ratio in individual neurons must
be very low. These physiological properties are made possible by a characteristic set of
ion channels in the cell membranes of NM/NL neurons.
The NM/NL neurons show a specific voltage gated low-threshold outward current,
which is mostly mediated by Kv1.1-like channels (Reyes et al., 1994; Koyano et al.,
1996; Rathouz & Trussell, 1998). These channels produce a rapidly activating and very
slowly inactivating delayed rectifier outward conductance, which drastically reduces the
membrane resistance at slightly depolarised but sub-threshold potentials (Gutman et al.,
2005). This current offsets depolarising currents and therefore allows only strong and
brief postsynaptic events to elicit APs, as opposed to membrane "noise" (Svirskis et al.,
2002; Grau-Serrat et al., 2003). Together with a voltage gated calcium conductance
(Koyano et al., 1996), the Kv1.1 mediated current is also responsible for the phasic firing
behavior of NM/NL neurons. The neurons only answer with a single initial AP, even
if long lasting supra-threshold stimuli are applied in whole-cell patch experiments. The
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Kv1.1 mediated current becomes tonically active after a certain onset delay and thus
prevents further threshold-crossing (Reyes et al., 1994). Obviously only an extreme pha-
sic firing behavior with only a single AP allows phase-locked firing, since following APs
would create temporal ambiguity.
Channels containing Kv3.1b subunits, on the other hand, are activated at much more
depolarised supra-threshold membrane potentials (Gutman et al., 2005). They also me-
diate a rapidly activating and slowly inactivating delayed rectifier current, which plays a
major role in the repolarisation phase of the action potential (Gutman et al., 2005). A
strong high-threshold K+ current will increase the repolarisation rate of the AP drasti-
cally (see Wang et al., 1998). This allows a quicker execution of trains of APs.
A third current type that has a major (although more subtle) impact on the electri-
cal properties of the neurons are hyperpolarisation activated inward (Ih) currents (Kuba
et al., 2002, 2003, 2005; Leao et al., 2005), which offset a hyperpolarising influence on the
neurons and actively drive the membrane potential back towards the resting potential.
These currents provide the neurons with a further possibility to dynamically regulate
the membrane resistance and thus the excitability of the cell. It is reported, that the Ih
currents reduce temporal summation of EPSPs.
The synapses in the auditory brainstem are specialised structures. The calycal synapses
or endbulbs of Held that are formed by the cochlear nerve fibres on NM neurons are ba-
sically very large synaptic areas. They impart very strong EPSCs in an all-or-nothing
manner (Trussell, 2002; Lu & Trussell, 2007), many times stronger than EPSC mediated
by bouton-like synaptic endings (Fukui & Ohmori, 2004). But molecular specialisations
are also present at the NM-NL synapse. In both neuron types a set of AMPA glutamate
receptor splice variants is expressed, that leads to very rapidly desensitising (i.e. phasic)
glutamate induced currents (Raman et al., 1994; Ravindranathan et al., 2000). This also
increases the ability of the system to precisely maintain timing information.
The rapid AP firing puts a high calcium strain on the neurons. Since calcium acts as a
second messenger in many cellular regulatory functions, it needs to be tightly regulated
(Zirpel et al., 2000). The auditory brainstem neurons strongly express calretinin (Parks
et al., 1997; Kubke et al., 1999), which in post-hatch chicken is localised beneath the
membrane of the cell (Hack et al., 2000). Calretinin is an EF-hand motif family protein
that reversibly binds Ca2+ and thus likely acts as a buffer of intracellular Ca2+ (Winsky
et al., 1989).
The molecular mechanisms of coincidence detection and phase-locking of NM/NL neu-
rons have been studied in great detail. For example it was reported, that GABA has an
influence on phase-locking acuity of the neurons (Monsivais et al., 2000; Funabiki et al.,
1998). In the brainstem the SON neurons (Yang et al., 1999; Lu & Trussell, 2001; Burger
et al., 2005a) are the main source of GABAergic input to NM/NL (although there are
reports on scattered GABAergic neurons surrounding the nuclei; Carr et al., 1989). The
mode of GABA action is remarkable in the auditory brainstem – GABA acts as a de-
polarising but nevertheless inhibitory transmitter in this system (Funabiki et al., 1998;
Lachica et al., 1998; Monsivais et al., 2000; Lu & Trussell, 2001; Howard et al., 2007).
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This is possible because of a reversed chloride gradient in the NM/NL neurons (compared
to the normal state in neurons). Together with the Kv1.1 channels the depolarisation
due to GABAergic EPSCs and the low-threshold outward conductances the membrane
resistance is drastically reduced, which leads to a shunting inhibition of excitatory inputs
(Howard et al., 2007).
Many of the specialisations reported above were shown to change gradually along
the axis of tonotopy in NM/NL. High best frequency neurons generally show more pro-
nounced "effects" (stronger Kv1.1 and Kv3.1 expression) than low best frequency neurons
(Parameshwaran et al., 2001; Parameshwaran-Iyer et al., 2003; Fukui & Ohmori, 2004),
where phase-locking and timing precision do not pose such a major physiological chal-
lenge. Another intriguing finding is that the position and the size of the axon initial
segment, the region of the neuron where the output action potential is generated, differs
along the tonotopic axis in NL (Kuba et al., 2006). Thus in high best frequency regions
the soma is electrically isolated from the AP generation, which improves the coincidence
detection ability of the neurons.
Taken together the specialised composition of membrane conductances and the synap-
tic behavior of the NM/NL neurons intricately interact to allow the temporal precision
needed for the phase-locked transmission of excitation and measurement of timing dif-
ferences in the microsecond range accomplished by this system.
1.1.3 Development of the auditory brainstem of birds
The in vivo development of the auditory brainstem neurons of chicken is well studied
on many levels of complexity, which makes it an ideal model for in vitro studies. In
the following I will give an overview of our descriptive and mechanistic knowledge about
NM/NL development.
The neurons of NM and NL (as well as nucleus angularis and SON) are generated in
the ventricular zone at the bottom of the fourth ventricle, the rhombic lip area. With
fate mapping techniques Cramer et al. (2000a) could show, that NM and NL originate
in overlapping zones in 3 rhombomeres (r5-r7) and migrate to their prospective position
between E 5.5 and E 6.5 (Book & Morest, 1990). There, below the mantle zone in the dor-
sal ridges of the hindbrain, the already postmitotic neurons form a common prenucleus,
the auditory anlage. The neurons in the auditory anlage already express neurofilament,
indicative for axonal growth (Hendricks et al., 2006). The anlage displaces to a more me-
dian position and divides into the presumptive NM and NL during a surge of hindbrain
growth at about E 8 (Hendricks et al., 2006). At that time first synaptic marker proteins
can be found to be expressed in the nuclei (Hendricks et al., 2006). The presumptive NA
neurons finish their migration at the same time, around E 7.5 (Cramer et al., 2000a).
The ontogeny of the nuclei generated in the processes described above has been thor-
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oughly described by Rubel and coworkers and some other groups later on. It was shown
that, after a period of stable cell numbers, there was a significant cell loss in NM and,
more pronounced, in NL between E 11-13. Only about 750 neurons remain in the NL of
the hatched chicken (Rubel et al., 1976). The period around E 11 and the following days
marks a significant turning point in the development of the NM/NL system.
The development of the specialised dendritic structure of NM and NL was the subject of
several reports. Jhaveri & Morest (1982b) analysed NM dendrite development and could
show, that early (E 7 to E 9) NM neurons are multipolar and show several dendrites with
numerous varicosities. These dendrites develop into multiple smooth dendrites at E 10.
In the following days these primary dendrites are reduced, until at E 15 NM neurons
are devoid of dendrites (and only show somatic spines). A secondary growth happens
between E 17 and hatching, when the NM neurons develop one or two thin dendrites
(Jhaveri & Morest, 1982b). It was found, that this peculiar two staged development is
independent of the cochlear input and not correlated with the development of the end-
bulb synapses (Parks & Jackson, 1984).
The normal development of the NL dendrites was detailed by Smith (1981). From early
development until E 9 NL neurons are polarised and show 6-8 immature dendrites. Along
the nucleus the characteristic gradient of dendrite lengths (Smith & Rubel, 1979) is not
yet visible. At around E 10 NM/NL neurons sprout numerous fine filopodial protrusions
which are highly branched. These developmental steps progress along the axis of tono-
topy. Starting with E 14 a pruning process begins, until from E19 onward the NL neurons
show several short dendrites that protrude into the cell free area dorsal and ventral from
the planar cell layer (Smith, 1981).
As was shown for NM dendrite development, the overall dendritic development in NL
seems to be independent of input (Parks et al., 1987). Although dendrite lengths in
activity deprived NL are significantly smaller, the shape of dendrites and the gradient of
morphology does develop fairly normally (Parks, 1981). Later on however, ranging well
into the post-hatch development, the length and symmetry of NL dendrites is susceptible
to changes in sensory input (Gray et al., 1982; Deitch & Rubel, 1989).
These morphological studies reveal a mixture of input-dependent and -independent de-
velopmental functions.
The innervation of NM (Molea & Rubel, 2003) and the connections between the devel-
oping NM and NL (Parks & Rubel, 1975) seem to be established very early in development
(earlier than E 8). Interestingly, the contralateral axons are identifiable earlier then the
ipsilateral connection (Hendricks et al., 2006). Nevertheless, physiologically functional
transmission can first be recorded several days later (Pettigrew et al., 1988). The tono-
topic organisation of projections in the NM-NL system seems to be ordered by intrinsic
properties and is independent of actual input (Lippe et al., 1992), probably by signalling
molecules that are expressed in gradients in the nuclei (Person et al., 2004).
Even with axonal endings visible within the nuclei from very early stages onward, de-
velopment of functional chemical synapses is necessary for transmission of excitation.
Several indications, from expression of synaptic marker proteins (Alladi et al., 2002;
Feng & Morest, 2006; Hendricks et al., 2006) ultrastructure (Jhaveri & Morest, 1982c)
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and physiology (Jackson et al., 1982, but note Momose-Sato et al., 2006) indicate the time
around E 10 as the starting point of functional synaptogenesis. As was mentioned before,
the initiation of synaptogenesis is accompanied by many more developmental processes.
It is unclear to which extent coincidence or causality are involved in this correlation.
In more recent papers the molecular development of the auditory brainstem neurons
was examined. Eph/Ephrin signalling molecules (Cramer et al., 2000b, 2002, 2004) and
neurotrophin receptors (Cochran et al., 1999) are differentially expressed in the nuclei,
possibly providing a molecular explanation for the mechanisms that guide the axonal
wiring of the auditory brainstem circuitry. Other studies explored the temporal dynamics
of the expression of functional markers - molecules that affect the physiology of the
NM/NL neurons. The calcium-binding protein calretinin is reported to be expressed from
E9 onwards (Kubke et al., 1999; Hack et al., 2000) irrespective of functional sensory input
(Parks et al., 1997). For other markers there is more controversy regarding the activity-
dependence of their expression. There are conflicting reports about Kv3.1b expression
during development (Hendriks et al., 1999b; Zhou et al., 2001; Parameshwaran-Iyer et al.,
2003). The expression appears to be linked to synaptogenesis (Feng & Morest, 2006)
and to be regulated in an activity-dependent manner (Lu et al., 2004). In contrast,
other studies show stable expression even under the extreme deafferentation of a primary
culture (Feng & Morest, 2001; Sun, 2007). For Kv1.1 even less data are available. While
this important channel seems to be strongly up-regulated during late synaptogenesis
(Howard et al., 2007), there is constant expression in culture (Sun, 2007) and an activity
dependent regulation after hatching (Lu et al., 2004). Examining the development of
AMPA channel splice variants Lawrence & Trussell (2000) were able to show that the
developmental switch towards fast-desensitising AMPA channels does not develop in
vitro. Yet, the phenotype was maintained in culture when the neurons were excised
after synaptogenesis in vivo (Lawrence & Trussell, 2000). Possibly an activity-dependent
signal is needed in this case to trigger an afterwards irreversible developmental step.
Taken together, the picture of molecular development of the NM and NL system is in
many aspects still fragmentary and unclear.
Introduction 14
1.2 Aims of the thesis
The main aim of the thesis was to establish an in vitro culture containing a known per-
centage of neurons from NM and NL, which would be the biological component of the
biohybrid system. The neurons should survive in a serum free, low density culture and
form working networks including chemical synapses. A "bio-engineering" task i.e. pro-
viding and characterising neurons as components for a biohybrid system, was combined
with research into the developmental dynamics of the avian auditory brainstem.
Within the framework of this two-pronged approach the following questions and topics
where for formulated:
Establishment of an in vitro system of NM/NL neurons for biohybrid reconstruction
1. Basic description of the growth and survival of the neurons in the culture
2. What is the percentage of auditory identities in the culture?
3. Are the NM/NL neurons in vitro in a normotypic state regarding their a) expression
of proteins and b) basic electrophysiological properties compared to the known
developmental state of similar in vivo stages? It is fundamental to have a thorough
understanding of the physiological state of the neurons in the culture. Only then
can the reconstructed coincidence detector circuitry be reasonably compared to the
in vivo situation.
4. Does structural and functional synaptogenesis take place in the culture? This is
a very important question, because synaptic connections between the NM and NL
neurons will be an integral part of the biohybrid coincidence detection circuitry.
5. Is the auditory brainstem culture system stable enough to be applied in biohybrid
contexts? Can the neurite outgrowth of the neurons be directed? Do the neurons
survive on metal surfaces that will be used for stimulation electrodes?
6. How can auditory brainstem neurons be identified before cultivation and in vitro?
What method could be used to separate NM and NL neurons prior to cultivation?
Developmental questions Since the culture established in this thesis includes very
early NM and NL neurons, it was interesting to study whether the neurons in the culture
develop into mature neurons and, in a second step, whether physiological specialisations
known from the neurons in the brainstem develop in vitro.
1. Do auditory brainstem neurons develop a mature phenotype regarding a) expression
of neuronal markers and differentiation into axonal and dendritic compartments b)
basic membrane parameters and c) action potential generation?
2. To which extent do dendrite formation and synaptogenesis take place under the
extreme deafferentation conditions of a dissociated culture?
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3. Is the calcium binding protein calretinin, which is a good marker for NM and NL
in vivo after E9, expressed in the culture?
4. Are Kv1.1 and Kv3.1b expressed in the culture and do they exert their full function-
ality? If these proteins are autonomously expressed in the auditory system, they
should be found in vitro. Additionally, the suspected link between the increase of
Kv3.1b and synaptogenesis in vivo could be examined in the culture.
5. If differences in physiological parameters are found, are they due to a failure of
development in culture or to an impairment or slowing of development? Another
possibility could also be, that the analysed neurons were not of auditory identity
at all. To distinguish between those possibilities identifiable NM/NL neurons in
culture need to be used, that are excised at a later developmental stage.
6. It is generally accepted that the barn owl auditory brainstem is a phylogenetic
extension of the same circuit found in the chicken (Carr et al., 2001; Kubke et al.,
2002) and that up to a certain point the same developmental principles apply. Thus,
taking a comparable developmental stage as starting point, a primary culture of
barn owl auditory brainstem should behave similar to the chicken culture. I wanted
to test whether this hypothesis could be verified.
2 Materials and methods
2.1 Cell culture
2.1.1 Culture Substrates
Protein coated glass coverslips The artificial protein poly-D-lysine (PDL) was used
for coating. In some cases a mixture of PDL and laminin or PDL and extracellular
matrix (ECM) protein mix (Sigma) was used. After brief hydrophilisation in an ethanol
flame, the glass coverslips where placed in 24-well cell culture plates and submersed in
aqua dest containing 0.1mg/ml PDL for at least 1 h at room temperature. In cases
when natural proteins where used for coating (i.e. laminin or ECM-mix) HBSS was used
instead of aqua dest. and incubation was performed at 37◦C. After coating the coverslips
where rinsed twice with aqua dest. or HBSS buffer and 650µl culture medium was added
without drying.
Micro contact printing on glass coverslips The micro-contact printing technique uses
polydimethylsiloxan (PDMS) stamps to transfer proteins to a surface. The PDMS poly-
mer can faithfully reproduce very small structures at high spatial resolution. In this
study PDMS stamps were used, that transferred a perpendicular array of lanes and
spots at the crossing points in a micrometer scale onto glass coverslips. The stamps were
manufactured from silicon templates by the Institute for Bio- and Nanosystems at the
Forschungszentrum Jülich. The protocol for micro-contact printing was adjusted after a
protocol kindly provided by S. Böcker-Meffert, IBN, FZ Jülich.
Prior to printing the ethanol sterilised PDMS stamps were submersed in sterile aqua
dest. for at least 30min. Then the stamps were incubated with ECM protein mix (1:100
diluted with HBSS buffer) on ice for 30min. During this incubation the protein-mix
was taken up by the PDMS structure. For actual printing the buffer was evaporated by
gently applying a stream of compressed air onto the stamp surface, leaving the protein
attached to the stamp surface in high concentration. After that the stamps were care-
fully transfered to hydrophilised glass coverslips and kept in contact with the substrate
for 30min. Quality of the transfered protein pattern was controlled with a phase-contrast
microscope. Culture medium was added as above after removal of the stamps.
PDMS stamps were rinsed thoroughly with aqua dest. after usage and kept in aqua dest.
for storage.
Iridium/Iridiumoxide wafers as culture substrates Sputtered iridiumoxide surfaces will
be used as stimulation electrodes in the integrated circuit chips on which the coincidence
detector circuit will be reconstructed (see section 1.1.1 on page 5). In experiments to
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Figure 2.1: This schematic drawing illustrates the dimensions of the excised tissue containing
the NM/NL anlage at E 6.5. The dorsal ridges of the brainstem was cut from around the entry of
the auditory nerve to the beginning of the cerebellum anlage. The stump of the auditory nerve
was removed before collection of the tissue.
demonstrate compatibility between this material and the neuronal cell culture of the
auditory brainstem, silicon wafers sputtered with iridium or iridumoxide were used. The
wafers were carefully cleaned by immersion in aceton and sonication in ethanol. The
wafers were then rinsed with 80% ethanol and sterile aqua dest. prior to actual usage.
In the cell culture the iridium-sputtered wafers were used in an analogous manner to
glass coverslips. They were either coated with PDL (see above) or used uncoated.
2.1.2 Primary culture preparation of the E6.5 auditory brainstem
The position of the anlage of the auditory brainstem nuclei was determined by serial histo-
logical sections and subsequent Nissl-staining (Staatsexamensarbeit by Björn C. Claßen,
RWTH Aachen, 2004). At E6.5 to E7 NM and NL form a single pre-nucleus in the
(bilateral) dorsal ridges of the brainstem, at and frontal from the entry of the auditory
nerve. This data is in accordance with anatomical work on the early auditory brainstem
(Book & Morest, 1990; Hendricks et al., 2006).
Fertilised eggs of White-Leghorn chicken obtained from a local poultry farm where
incubated in a forced draft incubator for 6 to 7 days. Prior to preparation the stage
of the embryo was confirmed according to Hamburger & Hamilton (1951). For a single
preparation, tissue from 3-4 embryos of corresponding stages where pooled.
Embryos where decapitated and immediatly dissected in a semi-sterile enviroment in ice-
cold HBSS (all HBSS used was without Ca2+ or Mg2+) under a stereo-microscope. After
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removal of surrounding skull tissue, the auditory region of the hindbrain was cut using
microdissection forceps and scissors and collected in ice-cold HBSS (see figure 2.1 for an
schematic of the excised tissue area). Further preparation steps where performed under
a sterile air-flow workbench.
Tissue chunks where rinsed once with HBSS and then incubated in Trypsin/EDTA in
HBSS for 7min on ice. This allowed the enzyme to penetrate the tissue. After digestion
of extracellular proteins for 7min at 37◦C the Trypsin buffer was removed, tissue was
rinsed briefly with HBSS and 1ml of DMEM:F12 + 10% FCS was added. The tissue
was gently triturated with an 1ml Eppendorf tip. Cells where spun down for 5min at
1000 rpm and FCS containing buffer was removed. A washing step followed (resuspended
cells in 1ml HBSS, spun down for 5min at 1000 rpm) before the cells where resuspended
in 1ml DMEM:F12 + B27 culture medium.
Before seeding, the life cell density in the primary cell suspension was determined. For
this 25µl of the primary cell suspension was mixed with 25µl of Trypan-Blue solution.
The Trypan-blue staining allows to distinguish between viable (unstained) and dead (blue
staining) cells. With a Thoma cytometry chamber cell numbers where counted and the
cell density in the primary suspension was determined.
Cells where seeded in densities between 100 and 600 cells/mm2.
For seeding the cell suspension was added to the 650µl culture medium and the well-
plates where gently agitated to disperse the cells evenly over the whole substrate.
2.1.3 Prelabeling of NM/NL neurons with fluorescent tracers
For pre-labeling of NM/NL neurons embyros of later stages were used, because the la-
beling technique (see below) relies on retrograde transport of dye along the NM and
NL axons. From late E9 onward the transport was found to be sufficient to label cells
(although see Hendricks et al. (2006) for a discussion of much earlier development of NM
axons). Embyronal day 10 was chosen for most prelabeling experiments, because culture
viability was very poor if prepared later than E10.
Pre-labeling experiments were performed in three steps which will be outlined as follows:
1) Preparation and injection of dye, 2) ex-vivo tracing and 3) preparation of dissociated
culture.
All preparations were performed under a lateral air-flow sterile workbench using ice-cold
oxygenated sterile Ringer’s solution. E10 Embryos were decapitated and the brain was
carfully removed from the skull. After removal of the meninges the forebrain was cut
away. Under a stereo microscope fluorescent tracer was injected in the midline from dorsal
(6-8 adjacent injections of 4.6 nl) for NM labeling or into the region of the superior olivary
nucleus from ventral (6-8 adjacent injections of 4.6 nl per hemisphere) for NL labeling.
See figure 2.2 for an illustration of injection sites (figure modified after Parameshwaran
et al., 2001). Alexa fluorophor dyes (-488 and -546) coupled to dextranamine (3000 kDa)
as a 10% solution in PBS with 10% Triton-X were used as tracers.
After injection the brains were collected in oxygenated sterile Ringer’s solution and ex-
vivo tracing took place for 4-5 h at room temperature in darkness. After ex-vivo tracing
the brains were transferred into ice-cold sterile HBSS and preparation of dissociated pri-
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Figure 2.2: This schematic drawing illustrates the injection sites in the midline (retrogradely
labeled NM neurons and axons in green) and SON-region (SON neurons at injection site and
retrogradely labeled NL neurons and axons in red) for the prelabeling of NM/NL neurons by
ex-vivo tracing. Figure modified after Parameshwaran et al., 2001.
mary culture of the auditory region of the brainstem was performed as outlined in section
2.1.2 on page 17. Because the amount of tissue debris is much higher in cell suspensions
from older embryonal tissue, a higher volume (3ml) of HBSS was used in the washing
step after trituration.
2.1.4 Fixation
For fixation the culture medium was removed and ice-cold 4% paraformaldehyde in
HEPES-buffered salt solution (HBS, pH 7.4) was added. After 15min at room tem-
perature the fixative was removed and the cells where rinsed twice with HBS. Cells
fixated by this protocol where either processed immediately (see section 2.2) or stored in
HBS buffer at 4◦C for up to two weeks.
2.2 Staining and microscopy techniques
2.2.1 Phase-contrast and morphometry
In order to analyse growth and viability of the neuronal cell culture, I used phase-contrast
microscopy of live cultures. On consecutive days of culture phase-contrast grey scale im-
ages were taken with an Axiocam (Zeiss) mounted on a inverted microscope equipped
with phase-contrast optics (Leica). For each datapoint several (> 10) digital images from
randomly chosen regions of the live culture were taken. From these images the number
of cells per mm2 and the number of primary dendrites per cell were counted. The Axio-
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vision software (Zeiss) was used to measure soma size (in µm2) and maximium neuritic
path (i.e. the length of the longest neurite; in µm2).
While cell and neurite numbers were counted up to DIV15 (E 7 + DIV15 corresponds
to the virtual age of hatch in chicken), analysis of soma size and maximum neuritic path
was restricted to the initial phase of culture growth.
For cell numbers per area data are means of experiment repetitions (N gives number of
repetitions). For cellular parameters all data were pooled (N gives number of cells).
2.2.2 Immunocytochemistry
Fluorescent immunocytochemistry was used to visualise expression of characteristic mark-
ers in the neuronal cell cultures. A variety of antibodies was applied to determine the
identity of the neurons in culture. For a list of primary and secondary antibodies that
were used see table 2.1
To reduce unspecific protein interactions the fixed cells were treated with blocking solu-
tion which consisted of 4% normal goat serum and 0.1% Triton-X 100 detergent in HBS.
For certain primary antibodies (anti-synapsin I, anti-SV2, anti-Kv1.1 and anti-Kv3.1b)
the blocking solution additionally contained 1% fetal calf serum. After at least 1 hour at
room temperature the blocking solution was removed and the cells were exposed to the
primary antibody solution (typically 500µl per well) for either 3 h at room temperature
or over night at 4◦C. All primary antibodies were diluted in HBS. For concentrations,
see table 2.1.
After incubation the unbound primary antibodies were removed by rinsing the cells for
1x 10min and 2x 5min with HBS at room temperature. Secondary antibodies were
always goat-IgG’s coupled with Alexa flurophors of different excitations maxima ("col-
ors"). The Alexa 488 coupled secondary antibody, which was found to give the strongest
fluorescent signal, was mainly used and was always used for the signal expected to be
weaker in double stainings. Secondary antibodies were diluted in HBS (again, see table
2.1 for concentrations) and cells were incubated with the antibody solutions for 3 h at
room temperature. These and all following incubations were performed in darkness to
protect the flurophors from bleaching. Subsequently the cells were thoroughly rinsed to
remove unbound secondary (3x 5min with HBS) at room temperature.
To identify cell nuclei a staining with 4’,6-diamidino-2-phenylindol (DAPI; concentration
1µg/ml in phosphate buffer) was added. This staining labels nuclei by binding to the
chromatine. After the cells were incubated with the DAPI solution for 5min at room
temperature, unbound DAPI was removed by rinsing the coverslips twice for 5min with
HBS buffer.
Cells were then mounted in FluoPrep (BioMerieux) or MOWIOL (in phosphate buffer)
mounting medium. For this, excess buffer was carefully removed with tissue paper and
the glass coverslips were mounted upside down in a drop of mounting medium on a mi-
croscopy slide. Air bubbles were removed by gently pressing onto the coverslips. After
drying for up to 1 h on heated table (37◦C; in darkness) slides carrying the mounted cells
were stored at 4◦C (in darkness).
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Histological calretinin stainings of E 6.5 chicken brainstem were performed as follows.
E 6.5 brains were removed from the embryo and the hindbrain was fixed by immersion in
4% paraformaldehyde in phosphate-buffered saline overnight. Tissue was transferred into
15% sucrose (overnight) and was kept in 30% sucrose until completely sunken. Histolog-
ical sections in the frontal plane (30µm thickness) were prepared with a cryomicrotome
(Leica) in tissue-embedding medium. The sections were collected on gelatinised slides.
After complete drying of the sections the immunocytochemical staining against calretinin
was performed as described above directly on the slides. MOWIOL (in phosphate buffer)
was used as a mounting medium.
Immunocytochemical stainings were evaluated with an Axiophot microscope (Zeiss).
Digital photographs were taken with an Axiocam and the Axiovision software (Zeiss).
Brightness, contrast and pixel shift of multichannel pictures were corrected with Adobe
Photoshop CS.
For quantification of calretinin expression, cultures were taken after different periods of
cultivation from the same preparation under the same conditions and the percentage
of calretinin-positive cells among DAPI-stained cells was determined. Individual cells
were identified by their DAPI signal on digital photographs arbitrarily taken at ran-
dom positions. All digital photographs were taken with identical exposure times and
magnification.
Antibody Manufacturer Concentration Remarks
rabbit-anti-calretinin Sigma 1:500
rabbit-anti-Kv1.1 Alomone Labs, Israel 1:1000
rabbit-anti-Kv3.1b Alomone Labs, Israel 1:1000
mouse-anti-MAP2 Sigma 1:1000
rabbit-anti-synapsin I Sigma 1:1000
rabbit-anti-SV2 by K. Buckley 1:500 UCSF Dep. Biochem. & Biophys.
rabbit-anti-neurofilament 200 Sigma 1:1000
mouse-anti-GFAP Sigma 1:1000
mouse-anti-N-Cadherin Sigma 1:500
goat-anti-mouse secondary Molecular Probes 1:500 Alexa 488, 546 and 594
goat-anti-rabbit secondary Molecular Probes 1:500 Alexa 488, 546 and 594
Table 2.1: Primary and secondary antibodies for immunocytochemistry
2.2.3 FM1-43fx dye loading of synaptic vesicles
The styryl molecule FM1-43fx (Molecular Probes/Invitrogen) acts as a fluorescent dye
that can not pass over biological membranes. If living cells come into contact with
the dye, it reversibly adheres to the outside of the cell membrane. At sites of vesicle
uptake, the dye is internalised. After the excessive dye is removed from the outside
of the membrane by washing, the intensity of labeling and quantity of dye-containing
vesicles is a direct measure of uptake activity. Thus this technique indicates, but is not
restricted to, sites of synaptic vesicle reuptake.
Since the fluorescent dye is presented to live cells in culture, FM1-43fx was diluted in
standard culture medium (DMEM:F12 + B27 supplement) in a concentration of 5µg/ml.
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To increase synaptic activity a dye solution in culture medium with increased (+ 30mM)
potassium chloride was used, which depolarises the neurons and elicits action potentials
and therefore synaptic activity.
For live staining the culture medium was removed and the cells were pre-loaded with
FM1-43fx (in culture medium w/o increased KCl) for 5min. Then the medium was
changed to the staining medium with increased KCl for 3min (loading). After loading
neurons were allowed to recover and reuptake synaptic vesicles in culture medium with
FM1-43fx but without increased KCl. All staining and recovery steps were performed
at 37◦C. After recovery a 45min washout followed. To reduce vesicle-turnover (which
would decrease the amount of fluorescent vesicles in the cell) the well-plate was sealed
with parafilm and kept at 4◦C. After washout the cells were immediately fixated as
described in section 2.1.4 on page 19 and mounted as described in the previous section
above.
2.2.4 DiI labeling of live and fixed cells
In order to visualise cells on wafer substrates a method of labeling cells with 1,1’-
dioctadecyl-3,3,3’,3’- tetramethylindocarbocyanine perchlorate (DiI) was used. DiI cry-
tals were dissolved in dimethylsulfoxide (DMSO) in concentrations of about 1µg/µl. This
stem solution was stored at -20◦C. For staining, 1% of the DiI-solution was added to the
culture medium and incubated for 5min at 37◦C. The cultures were rinsed twice for 5min
with prewarmed culture medium to remove excess DiI. After labeling the cultures were
either fixed (see section 2.1.4) and mounted with FluoPrep (Biomerieux) or MOWIOL
or were allowd to grow on for several days in the culture dish.
DiI labeling of fixed cells was also performed. A 1:100 (v:v) dilution of DiI (in DMSO as
above) in HBSS was used as a staining solution and HBSS was used to rinse the speci-
mens. Otherwise all procedures were performed as above.
A third variation of DiI labeling was applied. Here, the DiI solution (in DMSO, as above)
was added to the primary cell suspension during preparation of the cell culture (see sec-
tion 2.1.2 on page 17). After 5min at 37◦C the primary cell suspension was spun down
for 5min at 1000 rpm and the pellet was resuspended in 1ml of culture medium. Another
washing step (spun down for 5min at 1000 rpm, resuspended in 1ml culture medium)
followed before cell density was determined and the cells were seeded.
2.3 Electrophysiology
2.3.1 Setup and media
I recorded from cells in cultures between 1 and 15DIV. All recordings were made at room
temperature (20 ◦C). A recording chamber without perfusion was used, as sufficient cell
survival after transfer into recording media could only be achieved by mixing the extra-
cellular solution 1 : 1 with culture medium. A HEPES-buffered minimal extracellular
solution was used, which was composed as follows: 140mM NaCl, 1.5mM KCl, 2.5mM
CaCl2, 1mM MgCl2, 11mM glucose, 10mM HEPES; pH set to 7.4 with NaOH, osmo-
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larity 300 mOsm.
Experiments described in section 2.3.2 were performed as membrane potential recordings
using an Intra-767 intracellular amplifier (WPI) and current-clamp recordings using an
EPC-7 patch-clamp amplifier (List). Experiments described in sections 2.3.3 and 2.3.4
were performed with an SEC05-LX amplifier (NPI) in bridge mode or voltage-clamp
mode.
All recordings were obtained with whole-cell patch techniques. Patch electrodes were
prepared from glass tubings (GC-150F, Clark) and contained an artificial intracellular
solution composed as follows: 100mM K-gluconate, 40mM KCl, 10mM HEPES, 0.1mM
CaCl2, 2mM MgCl2, 1.1mM EGTA and 2mM Mg-ATP; pH was adjusted to 7.2 with
KOH. Patch-electrodes had a resistance of 5–10MΩ. Seal resistance prior to membrane
rupture generally exceeded 1GΩ. Series resistance was either corrected with bridge cir-
cuitry (WPI Intra-767 and NPI SEC05-LX, assumed to be twice the resistance of the
recording electrode) or not corrected (List EPC-7). Data were either not filtered (WPI
Intra-767) or filtered at a cut-off frequency of 5 kHz (List EPC-7 and NPI SEC05-LX) and
digitized at a 10 kHz sampling rate with a PCI-6024E DAQ-Card (National Instruments).
Custom LabView (National Instruments) scripts were used for data acquisition and stim-
ulus generation. Microsoft Excel, Sigma Plot 2001 (SPSS) and MATLAB (Mathworks)
were used for offline data analysis and presentation.
2.3.2 Current clamp experiments
In current-clamp experiments changes of membrane potential after somatic injection of
rectangular current pulses were recorded. Individual recordings lasted 1000ms with a
stimulus lasting 500ms beginning after 200ms pre-recording. A set of de- and hyper-
polarising currents of increasing amplitude was used to obtain recordings describing the
characteristic response to weak and strong hyperpolarisations as well as sub- and supra-
threshold depolarisation.
Neurons which showed spontaneous action potential firing or neurons with very high (im-
mature) resting potentials of about -30mV were held at a membrane potential of -65mV
by injection of a constant hyperpolarising current.
From the hyperpolarising and sub-threshold depolarising current injections current-voltage
curves were constructed. The deflection of the membrane potential for each current step
was calculated as the mean potential of the first 100ms of the recording (resting mem-
brane potential; RMP) minus the mean potential at the last 100ms of the stimulus
(steady state potential) in mV. This ∆mV was plotted against stimulus strength in nA.
A linear function was fitted to the small hyperpolarising data points, from which the
input resistance of the neuron (in MΩ) was derived. Mathematically this is equivalent
to calculating the mean results from individual calculations of input resistance according
to Ohm’s law U = R x I (U: potential deflection in mV; R: input resistance in MΩ; I:
injected current in nA) for each data point. Under the assumption that no changes in
membrane conductance occurs both methods yield the same result for the input resis-
tance of the neuron.
In a subset of the recordings (neurons recorded for the experiments described in sec-
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tion 2.3.3) the capacitance of the cell membrane was calculated. From the initial poten-
tial deflections (before reaching steady state) after hyperpolarising current injection the
time-constant τ of the membrane (in ms) was estimated. According to τ = Rm x Cm (τ :
time constant of the membrane; Rm: input resistance of the membrane; Cm: capacitance
of the membrane) the capacitance Cm of the membrane in pF was calculated. This value
should be considered carefully as a rough estimation of the capacitance of the cell.
Four different types of neurons grouped according to their discharge pattern were found
in the culture. The criteria by which the neurons were grouped were as follows:
Phasic firing neurons responded with a single, initial action potential to somatic current
injections over the whole range of stimulus strengths.
Immature (1AP) firing neurons also responded with a single initial AP or AP-like tran-
sient potential deflection. But the peak of the AP or potential deflection was generally
lower than 0mV in all but the highest stimulus strengths. A secondary parameter for im-
mature neurons was the amplitude of the AP above the new steady state, as a very small
transient membrane potential deflections superimposed on a huge steady state membrane
potential deflection could well cross the 0mV line. These cells were grouped as immature
as well.
Tonic firing neurons responded with sustained AP firing to somatic current injections.
Increasing stimulus strengths generally increased the frequency of AP firing but did not
abolish AP firing.
Damper firing neurons displayed an initial burst of action potentials of gradually reduced
amplitudes. With increasing stimulus strengths the number and amplitude of the APs
in the initial burst was reduced and the inter-spike interval was decreased. Neurons
that showed a single AP at higher stimulus strengths were nevertheless categorised as
damper-firing, to differentiate those neurons from true phasic firing neurons.
The lowest stimulus strength that was reliably elicting AP firing was taken as the thresh-
old current of the neuron. The AP (only the initial one, if bursts were seen) elicited at this
stimulus strength was supposed to be least distorted by the somatic current injection and
was used to analyse several parameters and kinetics of the AP for a given neuron. The
AP peak potential was the most depolarised membrane potential the AP reaches. The AP
amplitude was measured in ∆mV as the difference between RMP and AP peak potential.
AP amplitude and peak potential were used as an indication for the depolarising drive
(e.g. the amount of voltage gated sodium channels) of the active neuronal membrane.
The AP threshold is the membrane potential at which the gradual depolarisation changes
into the upshoot phase of the AP. This parameter was estimated from the shape of the
recording. The after-hyperpolarisation (AHP) amplitude was measured as the difference
between new steady-state potential and the minimum of the after-hyperpolarisation (in
∆mV). It can be used as an indication for the strength and the kinetics of the repolar-
ising drive (e.g. high-threshold potassium currents) of the membrane. The AP latency
is the time in ms between the beginning of the current step (200ms after the beginning
of the recording) and the peak of the AP. In most cases the prepotential phase of the
AP (below threshold) had most impact on this parameter. The AP half-width was the
width of the AP (in ms) at half maximal amplitude. This parameter is a good indicator
for the actual rapidness of AP execution as it is invariant against the amplitude of the
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AP. Finally, AP decay time was calculated as the time in ms between the peak of the
AP and the minimum of the AHP.
In some cases neurons were found that showed marked voltage-sag behavior, i.e. action
of hyperpolarisation-activated channels that actively move the membrane potential back
towards the RMP. In these cases the maximal difference between the maximum hyper-
polarisation and the steady-state hyperpolarisation was calculated (in ∆mV).
Statistical comparisons (between AP fire groups and over the course of development)
of measured parameters were performed using ANOVA to test for differences between
the groups. Tukey’s pairwise post-hoc comparison, a form of corrected t-test, was used
to test the statistical differences between individual groups. Individual comparisons in
other cases were performed with Student’s t-test.
2.3.3 Voltage clamp experiments
In a subset of cells voltage clamp measurements of membrane currents were performed.
After patching onto a cell and reaching whole-cell configuration a brief current clamp
characterisation of the cell was carried out as described above in section 2.3.2. Unlike
other sets of data, only neurons (i.e. cells that could fire action potentials upon somatic
depolarisation) were included in this analysis.
Neurons were held at -70mV holding potential in the discontinous single-electrode voltage
clamp (dSEVC) mode of the SEC05-LX amplifier (NPI). The switching frequency of the
dSEVC was set to 20 kHz. While the stray capacitance of the patch electrode and other
parts of the setup (Cfast) was compensated before patching onto a cell, the SEC05-LX
amplifier is not designed to compensate the capacitance of the cell membrane (Cslow or
Cm). Thus the capacitive current elicited by changing the membrane potential can be
seen in the recordings.
After switching to VC mode an preprogrammed protocol of potential steps was recorded
for every neuron. After 25ms prerecording a rectangular potential step away from the
holding potential of -70mV lasting for 250ms was performed. Recordings lasted for
500ms each. The set of potential steps began with hyperpolarising potentials (-120mV)
and was repeated with an increment of 10mV until reaching a command potential of
+30mV.
A voltage-current-relationship (IV-curve) over the range of voltage steps was constructed
for each neuron by plotting the mean membrane current (in nA) of the last 50ms of the
voltage step (steady state current) against the command membrane potential. From this
IV-curve two parameters were derived – the total low-threshold current and the total
high threshold current. The total low-threshold current (LTC) was the amplitude of the
current change (in ∆mV) after stepping the membrane potential from -70mV to -30mV.
The total high-threshold current (HTC) was calculated from the amplitude of the current
change (in ∆mV) after stepping the membrane potential from -70mV to 0mV minus the
total low-threshold current. As a third paramter the amplitude of the transient voltage-
activated inward-current (tIC; i.e. action current) at the beginning of the stimulus was
measured. In almost all cases a voltage step to -30mV elicited a transient inward-current,
thus the measurements were normally taken at that membrane potential. In some cases,
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especially in the early culture period, measurements of transient-inward currents were
taken at -20mV or omitted.
As the amplitude of the membrane currents is strongly dependent on the membrane
area, the parameters LTC, HTC and tIC were used to calculate specific conductances
(in µA/cm2) for each instance. For this, the membrane area was estimated from the
capacitance of the membrane (Cm; see section 2.3.2). I assumed a specific capacitance of
1µF/cm2 for the neurons in our culture system, which is a good estimation for neuronal
membranes. The specific conductances of LTC, HTC and tIC were plotted against the
culture or compared between AP fire groups derived from the CC characterisation of the
neuron.
In some cases longer recordings of membrane currents were taken to collect occurances of
spontaneous inward currents (due to synaptic events). The recordings lasted 5 seconds,
during which the neurons were held at -70mV membrane potential.
2.3.4 Extracellular stimulation
A custom-made tungsten wire bipolar electrode was used for extracellular stimulation
of synaptic transmission. It was placed in the vicinity of the recorded neuron under
visual control. Extracellular current pulses of 0.9ms duration and strengths between
20 and 300µA were delivered with an Iso-Flex (A.M.P.I.) stimulus isolator. Individual
recordings were repeated three to five times and averaged to reduce random events.
When a delay between the stimulus artifact and the AP of longer than 2ms duration
was observed, the AP was considered to be due to indirect (i.e. synaptic) stimulation.
However, this classification does not rule out supra-threshold stimulation of very distant
dendrites. To estimate the amount of direct stimulation, the extracellular electrode
was moved between recordings, especially to positions above the neuron in the bath
solution but roughly equidistant. A suspected direct stimulation should persist after the
respositioning, whereas an event elicited distant from the soma will disappear.
3 Results
3.1 Cell survival and outgrowth
One of the basic prerequisites for successful reconstruction of the auditory brainstem cir-
cuit is sufficient survival of the neurons in the given culture situation. The survival and
growth of the culture prepared on E 6.5 was analysed with phase contrast microscopy.
Qualitatively, three phases of the culture could be distinguished (see figure 3.1 on page
28). In the early phase of the culture, from seeding to 4DIV, the cells lay isolated in
the culture dish. This phase is characterised by a marked reduction of cell numbers in
the culture and rapid sprouting of neurites from the surviving neurons. The reduction
of cell numbers did not depend on initially seeded cell density. In the range of densities
tested (100 to 600 cells per mm2) the differences in numbers of surviving cells were not
statistically significant (ANOVA). In the mid phase of the culture the neurons made
contacts with their neurites, and networks of increasing density and complexity formed.
Cell number reduction slowed down during this phase and numbers stabilised at about
25% of seeded cells. In the late phase of the culture, at 10DIV or later, the gradually
multiplying glial cells had formed patches, on which most of the neurons rested. These
groups or clusters of neurons on glial patches formed very dense local networks. Also,
wide ranging bundles of neurites, that connected the local networks of neurons with ad-
jacent isolated cells or neighboring clusters could be seen in this phase of the culture.
Morphological changes of the neurons that were evident from the qualitative obser-
vations were analysed with quantitative methods. For this, mean numbers of primary
neurites, mean soma area and mean longest neuritic paths were measured in pictures
of cultures at different DIV (See figure 3.2 on page 29). In the first three days of the
culture (early phase) the neurons increased their number of primary neurites significantly
(ANOVA p<0.05). The number of primary neurites was slightly reduced between early
and mid phase culture. No change of mean neurite number occurred for the rest of the
cultivation (figure 3.2A). The mean soma area of the cells increased during the first 3
days of the culture as a result of increasing adherence and growth of the cells (figure
3.2B). The neurite outgrowth during the initial phase of the culture was quantified as
longest neuritic path. During the first three days of culture the length of outgrowing neu-
rites increased rapidly and significantly (ANOVA p<0.05). At 3DIV the mean longest
neuritic length was about 80µm, which was sufficient to make contact with neighboring
cells when these were seeded homogeneously.
All data presented in the previous paragraph and in figure 3.2 were obtained at a seed-
ing density of 300 cells/mm2. Morphometric analysis was also performed at higher (600
cells/mm2) and lower (100 and 200 cells/mm2) densities to investigate cell density depen-
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Figure 3.1: Three culture phases can be distinguished by phase contrast microscopy. A-C:
Neurons are isolated in the early culture phase between DIV0 and DIV4 (A), but start to sprout
neurites. During the mid culture phase between DIV5 and DIV9 (B) the neurons form networks
of neurites. In the late culture phase at DIV10+ (C) clusters of locally interconnected neurons
can be found mostly on glial patches (arrows in C). The local neuron clusters are connected
by far-ranging neurites of considerable lengths. Scalebar in A for A-C: 100µm. D: numbers of
surviving cells expressed as percentage of initially seeded cells. During the first 3 DIV a cell-
density independent reduction of cell numbers occurred, followed by a phase of stable or only
slowly declining cell numbers. Markers in D represent seeding densities in cells/mm2, circle:
300, square: 100, triangle: 200, diamond: 600. Data presented in D as means and SEM of N>3
experiments.
dent effects (data not shown). Only one significant difference was found: mean longest
neuritic paths of neurons seeded in 600 cells/mm2 density was significantly higher at
DIV2 than under all other conditions (ANOVA p<0.05), but at 3DIV this effect could
not be seen anymore. This suggested a minor short term boost of neurite outgrowth.
However it was found that, as a general rule, cultures of high densities suffered from
large amounts of debris from dead cells. A moderately low seeding density of 250-300
cells/mm2 was used for most of the experiment presented in the following sections.
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Figure 3.2: Cells in the culture rapidly extended neurites of increasing length and increased
their soma size in the first 3 DIV. A: Mean number of primary neurites vs culture period. Early
culture period is differentiated into DIV. Number of primary neurites increase up to DIV3 and
then remains stable until the end of the culture. B: mean soma area (in µm2) increased during
the early culture period. C: longest neuritic path (in µm) increased rapidly during the early
culture period. Data presented as means and SEM. Inset numbers in A-C represent number n
of analysed cells from N>2 experiments.
3.2 Identity of cells in the culture system
The identity of the cells in the auditory brainstem culture was determined with fluo-
rescent immunocytochemistry. First, I answered the question whether cells from the
early (E 6.5) brainstem develop a neuronal phenotype in vitro. In order to confirm this,
stainings against neuronal markers were performed (see figure 3.3 on page 30). The
neurons of all culture phases were found to express the neuronal marker microtubule-
associated protein 2 (MAP2; fig. 3.3A). As MAP2 is known to stain predominantly
somatic and dendritic structures, I also used neurofilament 200 (NF200) as an additional
neuronal marker. This antibody is known to stain predominantly axons and somata.
The anti-NF200 antibody produced a distinctive label of neurites of considerable length
and complexity (fig. 3.3B). A double staining against both MAP2 and NF200 revealed
that neurons in the culture were differentiated into axonal and dendritic compartments
(fig. 3.3C). During the mid and late culture phase glial cells seemed to proliferate. The
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increase in cell numbers (see fig. 3.1D) at around DIV10 was attributed to this. Glial
cells were stained with an antibody against glial fibrillary acidic protein (GFAP). In fig-
ure 3.3D a double staining against GFAP and NF200 reveals neurons situated on top
of a patch of flat glial cells. Neurons were not found exclusively on these patches, but
long-term survival of neurons appeared to be best in proximity to glial cells.
Figure 3.3: Neuronal identity of cells in the culture system. A: Staining against MAP2 shows
neuronal identity in this example from the early culture. B: In the late culture phase staining
against Neurofilament 200 reveals dense and far-ranging networks of axons. C: Neurons are
differentiated into dendritic and axonal structures as revealed by double labeling with MAP2
(neurites and soma; see red arrow in C) and NF200 (axon and soma; see green arrows in C). D:
In the late culture phase neurons (stained with NF200 in green in D) are often found on glial
patches (glial cells stained with GFAP in red). Note the meandering course of the axon in D.
Scalebars represent in A,D: 20µm; B: 100µm; C: 50µm
Although the time- and region-specific tissue excision already reduced the number of
possible neuron types in the culture, the actual percentage of auditory brainstem NM/NL
neurons in the culture had to be determined. Within the excised brain region the calcium-
binding protein calretinin was chosen as a sufficiently specific marker for NM/NL neurons.
Figure 3.4 on page 31 shows these data. The prenucleus (anlage) containing NM and
NL neurons was weakly but differentially labeled with antibodies against calretinin in
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histological sections of the E 6.5 hindbrain. Correspondingly calretinin-positive neurons
were found immediately after seeding and in all following phases (fig. 3.4C,D). Initially,
about 35% of all cells in the culture showed calretinin-like immunoreactivity, but the
percentage moderately increased between 1DIV and 2.5DIV to about 44% (fig. 3.4B).
All cells expressing calretinin were also positive for MAP2 in double stainings (data not
shown).
From the mid culture phase onward neurons positive for one of the specialised voltage
gated potassium channels Kv1.1 and Kv3.1b could be found in the culture. In the early
culture phase no Kv1.1- or Kv3.1b-like immunoreactive neurons were seen (data not
shown). Figure 3.5 on page 32 shows Kv1.1 and Kv3.1b expressing neurons from the late
phase of the culture. It was estimated, that roughly 10% of all neuron-like cells expressed
one of the channels.
Figure 3.4: Calretinin is a marker of NM and NL in the auditory pathway and is expressed
in the culture system. A: Calretinin immunostaining is weakly visible in embryonic day 6.5
nucleus magnocellularis/nucleus laminaris anlage (outlined by arrows). Frontal section, 30µm
thickness. B: At different periods of cultivation the number of cells positive for calretinin is
expressed as percentage of total number of DAPI-stained nuclei. Data are presented from n = 2
experiments, error bars show 95% confidence intervals. Absolute numbers are: DIV 0: 122/355;
DIV 1: 141/408; DIV 2.5: 168/368; DIV 7: 139/318. C,D: Examples of calretinin-positive cells
from the early phase (C) and mid-phase (D) cultures. Scale bars represent in A: 250µm C,D:
50µm.
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Figure 3.5: The specialised potassium channels Kv1.1 (A) and Kv3.1b (B) are expressed in the
culture system. In both pictures staining from late phase cultures are shown. Scalebar represents
50µm.
3.3 Electrophysiological characterisation
Whole-cell patch recordings were made from a total number of n = 250 cells in the audi-
tory brainstem culture in four different sets of experiments. The largest set of recordings
(n = 105 cells) was used to characterise variability and development of basic electrophys-
iological parameters in the culture (see page 32 for these results). Recordings from n =
45 neurons (only spiking cells were included) with extracellular stimulations were used
to find evidence of synaptic transmission in the culture (see section 3.4.3 on page 47 for
this data). In the first two sets of recordings combined (n = 150 cells) AP parameters
were analysed (see page 34). The third and fourth set of recordings were voltage clamp
recordings from n = 41 neurons (only neurons were included; see page 42 for this set of
data) and recordings from n = 59 tracer-identified E 10 auditory brainstem neurons (see
section 3.5 on page 51 for these results).
3.3.1 Current clamp experiments
Of all recordings (0DIV to 15DIV) 70% (n = 74) of all cells were capable of firing action
potentials. The percentage of AP firing cells increased during the course of cultivation.
In cultures under 7DIV about 70% of cells fired APs, whereas this number increased to
85% until 13DIV. In very old cultures of >13DIV the number of cells that were observed
to fire APs dropped to about 50% (cf fig. 3.10D).
The neurons were grouped into four types according to their AP firing pattern (as de-
scribed in the materials and methods chapter). The groups were termed phasic, tonic,
damper and immature. Figure 3.6 shows exemplary recordings from the four groups
and their behavior after somatic injection of de- and hyperpolarising currents of different
strengths. All four groups were statistically different (ANOVA; p < 0.05) when analysed
according to mean age, RMP and input resistance (see figure 3.7). All groupwise compar-
isons in the following paragraphs are results from Tukey’s post-hoc pairwise comparison.
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A total of 26% of the neurons showed AP firing behavior, either true phasic or damper
Figure 3.6: Typical recording traces and electrophysiological parameters of neurons from the
four groups of AP firing patterns. A: Phasic AP pattern, recorded from DIV 7 neuron. Stimulus
strengths are 0.07, 0.04, -0.01 and -0.03 nA. B: Tonic AP pattern recorded from DIV 14 neuron.
Stimulus strengths are 0.04, 0.01, -0.01 and -0.03 nA. C: Immature AP-like deflection at the
beginning of the stimulus found in DIV 7 neuron. Stimulus strengths are 0.04, 0.02, -0.02 and
-0.03 nA. D: Short initial burst of APs recorded from a DIV 7 neuron. Stimulus strengths are
0.06, 0.03, -0.02 and -0.05 nA. This fire type is termed "damper AP type" throughout this work.
firing, as is known from slice recordings in the embryonal and peri-hatch auditory brain-
stem of the chicken.
Twelve percent of the cells fired phasic APs (fig. 3.6A). They responded with a single
initial action potential, regardless of stimulus strength. These neurons had a mean RMP
of -60± 3.3mV and a mean input resistance of 441± 60MΩ. When compared to the
damper firing type the input resistance was significantly lower (p < 0.05) but the differ-
ence in RMP failed to reach significance. Age, RMP and input resistance of the phasic
group are not different from the tonic fire group.
Fourteen percent of the cells fired in the damper firing mode (fig. 3.6D) similar to em-
bryonic auditory brainstem neurons seen in slice recordings (<E12). These neurons were
more often found in younger cultures (mean age is 7.5± 1.2DIV) similar to the imma-
ture fire type. Damper neurons had a more depolarised RMP of -45.8± 5mV. Damper
neurons had the highest mean input resistance of all four groups (1160± 211MΩ), sta-
tistically different from both phasic and tonic group.
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Most neurons in the culture (41%) fired tonically after somatic current injection (fig.
3.6B). These neurons had a similar RMP (-58.7± 2.9mV) and mean recording age when
compared to phasic cells, but a (statistically not significant) higher input resistance of
575± 69MΩ.
The fourth group of neurons, consisting of 27% of the cells, fired single initial transient
membrane potential deflections of small amplitudes (fig. 3.6C). The shape and kinetics
of these membrane deflections suggested very immature APs. This was corroborated by
the fact that these neurons had a significantly more depolarised membrane potential of
-42± 12.3mV compared to both phasic and tonic group. With increasing age of cul-
tures this firetype was becoming more uncommon, thus the mean age of recording is low
(5.9± 1DIV).
In order to further distinguish between the four groups of neurons, parameters of the
initial AP were analysed in detail. Again, results from statistical test on the following
paragraphs are from ANOVA with Tukey’s pairwise comparison as post-hoc test when
the ANOVA revealed significant differences between groups.
The threshold current, i.e. the lowest current strength that safely elicited somatic APs,
was statistically higher in immature neurons than in damper and tonic neurons. Differ-
ences between the other groups were small, but the tonic neurons showed the highest
excitability (lowest threshold current, 0.037± 0.01 nA) of all four groups (see fig. 3.8A).
Phasic and damper neurons had a threshold current of 0.06± 0.01 nA and 0.046± 0.01 nA
respectively.
The analysis of AP amplitude and AP peak potential followed the same trend. Again,
the immature neurons are statistically different from both tonic and damper groups.
Due to high variability the phasic neurons (AP amplitude: 54.9± 3.7mV; AP peak:
0.38± 2.2mV) were not statistically different from these groups but appeared to be sim-
ilar to damper neurons (AP amplitude: 62.24± 4.3mV; AP peak: 4.4± 4.3mV). While
tonic neurons fired the APs of highest amplitude and peak potentials and immature neu-
rons showed the smallest APs that rarely crossed the 0mV line, damper as well as phasic
neurons took an intermediate position (see fig. 3.8B,C).
The measurement of AP threshold, the potential when the gradual depolarisation after
current injection turned into the rapid upstroke of the AP, showed the greatest dif-
ferences between groups. Immature neurons had an AP threshold that was statisti-
cally different from all other groups. Phasic neurons (-37.3± 1.2mV) had a significantly
higher (more depolarised) AP threshold than tonic neurons. However, damper neurons
(-41.7± 1.5mV) were not different from phasic or tonic neurons (see fig. 3.8D).
The amplitude of the after-hyperpolarisation (AHP) was not statistically different be-
tween any of the groups (ANOVA, p = 0.076; see fig. 3.9E). There was a great variability
of AHP amplitudes in all groups, ranging from a ∆mV of 0 up to amplitudes of -20mV
compared to the new steady state potential. As a trend, immature neurons show smaller
AHPs than all other groups.
Next, parameter of AP kinetics were compared between groups. The time from the be-
ginning of the stimulus to the peak of the AP (AP latency) was statistically not different
(ANOVA, p = 0.12) between any of the groups (see fig. 3.9F). However, the greatest
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Figure 3.7: Analysis of parameters of the different AP firing groups of neurons found in the
culture. A: Mean age of recording in DIV. B: Mean resting membrane potential (RMP). Neurons
classified as immature firing have a significantly more depolarised RMP when compared with
either phasic or tonic neurons (p < 0.05). C Neurons classified as damper have a significantly
different mean input resistance than either phasic or tonic neurons (p < 0.05). All data expressed
as mean, error bars represent the SEM. Inset numbers in A depict number of neurons in each
group for A-C.
variability and the most extreme values were found in tonic firing neurons.
The AP half-width gives a good measurement of the speed of AP execution. Over
all groups there is a statistically significant difference of AP half-width (ANOVA, p <
0.001). As can be seen in figure 3.9G, phasic neurons showed significantly slower APs
than tonic neurons but were (significantly) faster firing than immature neurons. Sur-
prisingly, damper neurons had a faster mean AP half-width compared to phasic neurons
(4.7± 1.5ms vs. 7.6± 1.1ms), but this difference was not significant due to high vari-
ability. The AP half-width was difficult to measure in most immature neurons, as the
half-maximal amplitude of the total AP was measured from the RMP and was often
smaller than the new steady state potential in immature neurons. Thus, the mean value
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Figure 3.8: Analysis of AP parameters by AP firetype. Data presented as mean and SEM
(filled circles) together with the individual data points (grey open circles) to show the variability
of the groups. Asterisks indicate significant statistical differences (p<0.05; ANOVA followed by
Tukey’s pairwise comparison post-hoc test.) A: Minimal current in nA needed to elicit an AP
by somatic current injection. B,C: The total amplitude (B) and peak-potential (C) of the initial
AP. Immature neurons compared to either tonic or damper group have significantly smaller AP
that rarely cross 0mV. D: AP threshold potential in mV.
of AP half-width for immature neurons should be considered carefully, as only few data
points are actually included and the value does not give a good estimate of the AP speed
of the immature neurons. Likely the speed of the immature AP-like deflections is much
slower than the value presented in figure 3.9G suggests.
Finally the decay time of the AP was compared between the four groups (see fig. 3.9H).
No statistically significant differences (ANOVA, p = 0.094) were found and the variabil-
ity within groups was high. As a trend, the APs of tonic firing neurons decayed fastest.
Taken together neurons from the phasic and damper groups that resembled auditory
brainstem neurons seen in slice recordings differed in mean age (n.s.), RMP (n.s.) and
input resistance (p < 0.05) but show only small differences when compared according
to AP parameters. Phasic as well as tonic neurons showed more matured membrane
parameters, but tonic neurons differed from phasic neurons with resprect to their AP
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Figure 3.9: Analysis of AP parameters by AP firetype (continued). E: The amplitudes of the
after-hyperpolarisations (AHP) are not statistically different between the four AP firing groups.
F-H: Parameters of AP kinetics. While there is no statistical difference between the groups
for either AP latency (F) or AP decay time (H), the half-width of the AP differs significantly
between groups (G). Immature APs (when applicable; see main text) are significantly slower
than damper and phasic APs. Phasic APs on the other hand are significantly slower than tonic
APs.
parameters. Immature neurons were different from all other groups in many aspects and
are probably a group of very undifferentiated neurons.
The data presented above were also analysed according to the culture phase in which
the recordings were performed. This revealed developmental processes of physiological
parameters in the culture system.
There was a significant trend towards more polarised RMP (see figure 3.10A) over the
time of the cultivation (ANOVA; p < 0.001). In the early phase the RMP was found to
be at -38.9± 3.1mV indicating immaturity of neuronal phenotypes. A highly significant
increase of RMP took place from early to mid culture phase (Tukey’s pairwise compar-
ison; p < 0.001), when the recorded cells showed a mean RMP of -53.9± 2mV. The
small increase of mean RMP from mid to late culture (late: -61.1± 2.7mV) failed to
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reach statistical significance (p = 0.17). Nevertheless a trend of continuous maturation
of phenotypes was evident.
The same was true for mean membrane (input) resistance during development (see fig-
ure 3.10B). There was a significant change of membrane resistance over time (ANOVA;
p < 0.001). While cells in the early culture phase had a very high membrane resistance
of 1280± 185MΩ, this value was reduced dramatically to more mature levels with the
change to the mid culture phase (692± 71MΩ). The difference between mid and late
(366± 52MΩ) phase membrane resistance was just above threshold of significance (p =
0.06).
The development of membrane capacitance (see figure 3.10C) followed the same trend
as RMP and membrane resistance: a considerable development from early to mid phase
and a only a slight change from mid to late phase. However, in the case of membrane
capacitance, statistical testing (ANOVA) showed no significant development over time
due to large variance and low number of neurons in the dataset (capacitance data avail-
able only from recordings in the third dataset). In the early phase the neurons had a
mean capacitance of 42.7± 12 pF. Mean membrane capacitance increased to 56.1± 11 pF
(mid) and 61± 8.5 pF (late) during development.
Taken together the analysis of basic membrane parameters a) resting membrane poten-
tial, b) membrane resistance and c) membrane capacitance over the time of cultivation
revealed a general trend of neuronal maturation in the culture. The mean values for
the late culture phase of -61mV, 366MΩ and 61 pF characterised a mature neuronal
phenotype.
Parallel to the analysis of basic membrane parameters I also analysed AP parameters
over the development of the culture. As the 4 groups of neurons showed differences in
AP parameters the data for each culture phase contained considerable variance. Never-
theless the mean values for the AP parameters showed physiological development of a
truly neuronal trait (the AP) over time in the culture.
Several parameters regarding AP "strength" and kinetics changed statistically significant
over time. The AP amplitude was significantly different when compared between early
and late cultures (t-test, p < 0.05; but ANOVA, p = 0.056). The AP peak potential
(fig. 3.11C) significantly increased from early to late culture phase (ANOVA; p < 0.05).
Likewise, the threshold potential significantly (ANOVA; p < 0.01) changed towards more
negative potentials (fig. 3.11D).
The AP half-width (fig. 3.12G) significantly (ANOVA, p < 0.001) decreased during
development of the culture from very slow values of 11.3± 1.4ms in early cultures to
4± 0.8ms in late cultures. Again, the difference between mid and late culture was not
significant (p = 0.32) but mid as well as late culture half-width is significantly (p < 0.01)
different from early culture.
Surprisingly the parameters connected to the repolarising part of the AP (AHP amplitude
and AP decay time; fig. 3.12E,H) did not show significant changes over the development
of the culture (ANOVA, p = 0.35 and p = 0.72). Although the mean decay time of the
AP was slightly decreasing (early: 16.3± 2.7ms mid: 13.8± 1.6ms late: 12.5± 2.4ms)
the large variance in the data precludes statistical significance.
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Figure 3.10: Development of basic membrane parameters of cells in the culture system towards
a matured state. A: The mean resting membrane potential changes towards more negative values
during development. B: The mean input resistance significantly reduces during development. C:
The mean input capacitance of neurons increases slightly from early to mid culture phase. D:
The percentage of neurons (i.e. cells that fire an action potential) of all cells that were recorded
from decreases in very late (>DIV13) cultures. All data presented as means and SEM. Asterisks
represent statistical significance against "early" group: p < 0.05 (ANOVA) followed by pairwise
comparison (Tukey’s test).
Taken together, these parameters showed a maturation of the depolarising drive and the
mean duration of the AP during the time of the cultivation. As seen for basic mem-
brane parameters (see above) the greatest changes in absolute values happened during
the transition from early to mid culture.
About 12% (n = 13 in the first data set) of all cells were found to fire spontaneous APs.
Spontaneous activity was primarily found in older (> DIV10) cultures. Thus the differ-
ence in mean age of recording of spontaneously (10.2± 0.8DIV) vs. non-spontaneously
active (7.6± 0.5DIV) neurons was statistically significant (t-test; p < 0.05). Neurons
that were spontaneously active had a mean RMP of -57± 5.1mV and a mean input re-
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Figure 3.11: Development of AP parameters. Data presented as mean and SEM (filled cir-
cles) together with the individual data points (grey open circles) to show the variability of the
groups. Asterisks indicate significant statistical differences against "early" culture phase (p<0.05;
ANOVA followed by Tukey’s pairwise comparison post-hoc test except in B, where asterisk in-
dicates p<0.05 from Bonferroni corrected t-test.) A: The threshold current (see caption of Fig.
4.8) does not change with development of the culture. B,C: AP amplitude (B) and peak po-
tential (C) significantly increase with time of cultivation. D: The threshold potential of AP
initiation significantly decreases during development.
sistance of 584± 96MΩ, indicative of matured neurons. Eleven out of 13 neurons were
grouped into the tonic firing AP group.
When spontaneously active, neurons fired APs in frequencies ranging from 0.1Hz to
42Hz, but most (10 out of 12) showed frequencies below 10Hz. In rare cases the spon-
taneous activity seemed to be due to a unstable RMP. These neurons generated the
activity probably in an autonomous way, as opposed to spontaneous events related to
synaptic events. See section 3.4 on pp 46 for more detailed results regarding the origin
of spontaneous activity in the culture system.
In a small number of neurons (n = 6) active membrane responses to strong hyperpo-
larising current injections were found (see fig 3.6B), generally known as "voltage-sag"
behavior mediated by Ih currents. Out of the six neurons, four showed tonic, one pha-
sic and one damper AP firing behavior. The mean age of neurons in which voltage-sag
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Figure 3.12: Development of AP parameters (continued). E: Amplitudes of after-
hyperpolarisations did not change with development. F-H: Parameters of AP kinetics against
culture phase. AP peak latency (F) and AP decay time (H) did not change during development.
However, AP half-width (G) became significantly shorter with development of the culture. As-
terisks represent statistical significance against "early" group: p < 0.05 (ANOVA) followed by
pairwise comparison (Tukey’s test).
behavior was found was 11.6± 1.1DIV. These cells had a mean RMP of -52.7± 5.2mV,
their mean input resistance was 717± 138MΩ. The maximum differences between peak
and new steady-state potential was measured and was found to be 30± 10.5mV for the
n = 6 neurons included.
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3.3.2 Voltage clamp experiments
The analysis of AP parameters indicated a differential development of principle mem-
brane currents (e.g. voltage gated inward "action" currents vs. repolarising voltage gated
outward currents) over the time of the cultivation. Therefore a voltage-clamp study of
membrane currents in neurons in the culture over the time of cultivation was performed.
No pharmacological agents were used in this study, thus all following "current" are ef-
fectively "total membrane currents".
Voltage clamp recordings were collected from the different phases of the culture. In early
cultures (see fig. 3.13A) the amplitudes of currents were low and transient voltage gated
inward currents (i.e. "action currents") were small. From the mid culture phase (see
fig. 3.13B) onward membrane currents appeared mature, with high amplitudes found for
inward and outward currents. From mid to late culture phase (fig. 3.13C) the membrane
currents increased even more in amplitude and the transient inward currents (action cur-
rents) appeared to be briefer than in mid culture. Often a more complex shape of the
transient part of the outward current was seen (compare first few ms after stimulus in
fig. 3.13B and C!).
Figure 3.13: Exemplary voltage clamp recordings from early (A), mid (B) and late (C) culture
period neurons reveal a trend towards more mature membrane currents. The traces show mem-
brane currents measured after stepping the membrane potential from the holding potential of
-70mV to potentials ranging from -100mV to +30mV (increment of 10mV). Scalebars represent
50ms and 500 pA (A) or 1 nA (B,C) respectively.
To quantify these findings mean IV-relationship curves were constructed from the volt-
age steps performed in the neurons of different culture phases. Figure 3.14 on page 43
shows the comparison of IV curves. It was evident that for current steps of -20mV and
higher the mean total membrane currents increased during the development of the cul-
ture. There was a statistically significant (ANOVA) difference between age groups for
all voltage steps to potentials greater than 0mV. In every case the difference between
early and late mean current had the highest impact on this finding (Tukey’s pairwise
comparison, p < 0.05).
The values of two potentials were taken as approximate measurements for low- and high-
threshold outward currents: -30mV and 0mV (minus the current at -30mV). Voltage
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gated low threshold outward currents (LTC), which are known from recordings in slices
to be characteristic for neurons from the chick auditory brainstem, were virtually absent
(or orders of magnitude to low) in all culture phases (see section 4.4 for a discussion
of these findings). The membrane currents at -30mV were only marginally higher than
baseline in nearly all neurons recorded and did not change over the course of the cul-
tivation. The high-threshold current (HTC) at 0mV was low in the early culture but
increased significantly (ANOVA, p < 0.05) during development.
The amplitudes of the transient inward currents measured at -30mV (tIC) also statisti-
cally increased during the time of cultivation (ANOVA, p < 0.05; data not shown), but
only the difference between early and mid or early and late was found to be significant
in post-hoc testing.
Spontaneous events and synaptic mini-currents (mEPSC) were not seen in recordings
Figure 3.14: Mean voltage current relationship curves derived from voltage clamp recordings
at different culture phases. Data presented as means and SEM of the total membrane current at
the end of voltage steps away from the resting potential. Numbers of cells in the curves are n =
12 (early), n = 14 (mid) and n = 15 (late).
from early cultures. In a few recordings of mid phase neurons and in most recordings of
late phase cultures mini-currents and spontaneous large transient inward currents were
seen. The frequency and amplitudes of mini-currents appeared to increase from mid to
late culture, but the low number of neurons in this dataset did not allow a quantitative
analysis of this result. For a more detailed presentation of data on spontaneous events
in VC recordings, see p. 47.
The quantitative data for LTC, HTC and tIC were expressed as specific conductances to
rule out that the differences were only due to increased membrane area in older neurons or
due to other size effects that strongly influence current amplitudes. The data was found
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to be non-normally distributed (Shapiro-Wilk test; p < 0.01). Thus, non-parametric tests
were used to analyse the specific conductances. These results are presented in figure 3.15.
As mentioned above, there was no significant change (Kruskal-Wallis test, H = 0.2; p =
0.9) in LTC over the course of the cultivation. The specific high-threshold conductance
showed a clear trend of increase over the time of the cultivation, but again the high vari-
ance and low number of neurons caused a failure to reach significance (Kruskal-Wallis
test, H = 1.4; p = 0.48). Third, for the specific transient inward conductance (fig. 3.15C)
a significant trend of increase over the time of cultivation was evident (Kruskal-Wallis
test, H = 14.7; p = 0.001). Non-parametric pairwise comparison (Mann-Whitney U-test;
target significance levels corrected for repeated testing) revealed that the difference be-
tween early vs. mid (p < 0.01) and early vs. late (p < 0.001) but not mid vs. late (p
= 0.24) was statistically significant. These results were in accordance with the finding
of increased depolarising AP drive (see figs. 3.11&3.12) that was a result of the current
clamp recordings in the culture.
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Figure 3.15: Development of membrane currents expressed as specific conductances (in
µA/cm2) during development. Neither the low threshold current (A) nor the high threshold
current (B) changed significantly during development, although for the HTC a trend of increase
is visible. C: The transient inward current ("action current") increased significantly with devel-
opment (Kruskal-Wallis test p < 0.01; pairwise comparison with Mann-Whitney U-test, asterisks
indicate p < 0.05). The difference between mid and late culture phase in C fails to reach statis-
tical significance. All data expressed as means and SEM, inset numbers show number of neurons
per datapoint (n = 12 for early condition in C).
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3.4 Synaptogenesis in the culture system
An important prerequisite for reconstruction of the auditory brainstem coincidence de-
tector in vitro will be, that the neurons actually form circuits with chemical synapses.
As the neurons were put into the primary culture about two days before synaptogenesis
starts in vivo, it could not be simply taken for granted that these processes occurred in
vitro. Thus a variety of experiments combining different approaches were undertaken to
prove functional synaptogenesis in the culture system.
3.4.1 Morphological evidence
Fluorescent double immunolabeling against two synaptic marker proteins showed puncti-
form domains in neurites and close to the somata of mid (fig. 3.16A) and late (fig. 3.16B)
phase neurons but not or very rarely in early phase cultures (data not shown). Most of
these punctae were double labeled, as both epitopes (synaptic vesicle protein 2 (SV2)
and synapsin I (SynI)) are both assumed to be located at the presynapse. The num-
ber of punctae was not quantified but appeared most dense in dendrite-like structures
and areas of contact between neurites (see fig. 3.16B+C). The intensity and frequency
of positively labeled punctae appeared to increase from mid to late culture. All cells
positive for the synaptic marker SynI were found to be positive for the neuronal marker
MAP2 in double stainings against these to proteins (data not shown). Thus it appeared
that morphologically defined synaptic zones were developing between neuronal cells in
the culture during the transition from early to mid phase and that these synaptic zones
persisted to the end of the cultivation.
Figure 3.16: Fluorescent double immunolabeling against the synaptic markers Synapsin I and
SV2 give morphological indications for synaptic contacts between neurons in the culture. A:
Punctiform sites positive for Synapsin-I- and SV2-like immunoreactivity (arrow) where neurites
(arrowheads) from two DIV7 neurons are in contact. B: Strong punctiform neuritic and somatic
Synapsin-I- and SV2-like immunoreactivity in a DIV14 neuron. C: A plexus of high neuritic
SV2/Synapsin-I immunoreactivity in a DIV7 culture. Most of the sites are double labeled (yellow
arrows), but a few punctiform stainings appear either only Synapsin-I-positive (red arrow) or
SV2-positive (green arrow). Scalebars in A-C represent 10µm.
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3.4.2 FM dye loading of synaptic vesicles
The styryl dye FM1-43fx was used to visualise areas of active uptake of vesicles in the
culture. Figure 3.17 shows FM live stainings of mid phase (DIV 7) neurons after depo-
larising KCl treatment (see section 2.2.3 on page 21 for technical details). The staining
resulted in a punctiform label that was similar in size but not in frequency to the im-
munocytochemical staining of presynaptic vesicles (see figure 3.16). Likely only a subset
of morphologically defined synaptic domains is labeled and thus physiologically active.
The staining was also performed in early and late phase cultures (data not shown). While
in early culture the staining was more or less absent, staining in late phase cultures was
prone to strong background due to glial patches. In these "tissue-like" cultures of neu-
rons resting on top of glial patches the washout of the dye was difficult. In addition, glial
cells seemed to take up the dye. Thus only mid phase neurons where included in this
study.
Most stained punctae were found in neuritic areas, but numerous signals could also be
detected close to the somata of the cells (see fig 3.17A). Sometimes a clear polarisa-
tion of labeled and unlabeled cellular domains was found in neurons, as presented in
figure 3.17B. This corroborates the findings presented in figure 3.3C (see page 30) of a
normotypic functional compartmentalisation of the neurons in the culture.
Figure 3.17: Sites of active vesicle uptake after KCl depolarisation visualised with the styryl
dye FM1-43fx indicate possible synaptic sites. A: Dye-filled vesicles are visible in the three
primary neurites and at the soma of this DIV 7 neuron. Arrows indicate course of the neurites
and mark the soma. B: Polarity of staining in a DIV7 neuron. While one of the neurites in
this bipolar neuron shows strong FM1-43fx staining (arrows) the opposite neurite is unmarked
(arrowheads). Scalebar in A represents 10µm (for both A and B).
3.4.3 Electrophysiological evidence
Two different approaches were taken to find electrophysiological indications of functional
synaptogenesis in the culture system. One study was performed with intracellular (whole
cell patch) recordings and extracellular stimulation in vitro. Secondly spontaneous events
were analysed in recordings from all datasets in different experiments. The latter analysis
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was based on the assumption that spontaneous events are most likely due to synaptic
transmission between cells in the culture.
Results from these two approaches will be presented below.
Elicited postsynaptic activity In 33% (n = 15 out of 45) of the neurons of the mid
culture phase indications of postsynaptic activity after extracellular stimulation of lo-
cal networks in the vicinity of the neuron were found (see figure 3.18). This included
sub-threshold membrane potential deflections in the recorded cell but also induction of
action potentials. By multiple averaging (5x) random events could be ruled out, but
distinguishing between stimulus artifact and AP and between transsynaptic or direct
stimulation required careful interpretation of the data. The stimulus artifacts elicited
by the extracellular electrode had a very low (sub-millisecond) latency and a linear rise
phase. If latencies of greater than 2ms were found and the AP did not directly arise
from the stimulus artifact it was assumed that the AP was not directly elicited at the
soma. This however did not rule out direct stimulation of very distant dendrites. Thus
the stimulating electrode was repositioned during the recording to an roughly equidistant
position to the recorded neuron higher in the bath solution. A direct stimulation, which
was assumed to be dependent on distance only, should have persisted while transsynaptic
stimulation should have been abolished. After returning the stimulation electrode close
to the original position a transsynaptic event was expected to return. Such an recording
is presented in figure 3.18A.
Sometimes repositioning of the electrode led to changes in the latency of the AP, which
were attributed to alternative paths of excitation in the local network (see 3.18B). The
length of the postsynaptic activity shown in both fig. 3.18A and B suggested that the
extracellular stimulation raised the activity level in whole groups of neurons forming local
networks, rather than representing a pinpoint stimulation of single neurons.
In rare cases the elicited activity consisted of hyperpolarising potential changes, as can
be seen in figure see 3.18C. This hyperpolarising potential deflection was interpreted as
an inhibitory postsynaptic potential, because the stimulus artifact pointed to the depo-
larising direction and the length of the hyperpolarisation was comparable to those seen in
excitatory events. Thus inhibitory synapses might also have been present in the culture
system.
Spontaneous activity Spontaneous subthreshold EPSP-like incidents (fig. 3.19A) and
AP firing (fig. 3.19B,C) were not uncommon findings in current clamp recordings of
older cultures (see section 3.3.1 on page 39). While in rare cases neurons produced a
regular rhythm of (presumably autonomously generated) APs, most spontaneous spikes
that could be seen were in a slow (< 10Hz) and irregular rhythm suggesting network
and therefore synaptic activity as a possible origin. This is especially likely for APs
that were superimposed on long-lasting membrane potential deflections as can be seen in
figure 3.19B, which are probably based on summation of EPSPs. In most neurons that
fired spontaneous APs a preceding gradual (EPSP-like) membrane potential deflection
was detected, but sometimes (fig. 3.19C) these were absent. As mentioned before,
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Figure 3.18: Postsynaptic activity can be elicited by extracellular stimulation in the culture. A:
Moving the stimulation electrode from position 1 to position 2 (closer to and above the recorded
neuron) abolishes elicited activity except for the stimulus artifact. EPSP returns after moving
the electrode to a position close to neighboring cells again (position 3). B: Different positions of
the stimulation electrode can elicit APs with different latencies, indicating alternative paths of
excitation. C: Example of hyperpolarising reaction (marked with asterisk) to extracellular stim-
ulation which indicates possible inhibitory synapses in the culture system. Scalebars represent
in A: 10mV by 10ms; in B: 20mV by 10ms and in C: 10mV by 20ms.
spontaneous activity was more likely to be found in late phase cultures than in early or
mid phase.
As expected, these spontaneous events could also be observed in voltage clamp recordings
(fig. 3.19D-F). There was a trend of increase of miniEPSC amplitudes and frequencies
evident when VC recordings from the different culture phases were collected. In the early
phase neurons no detectable mEPSCs were seen. In mid phase cultures mEPSCs were
somewhat more common, but amplitudes and frequencies seemed to be lower than in late
phase. In late phase, detectable mEPSCs were seen in most recordings. In some cases in
late phase cultures larger and longer lasting events were detected (fig. 3.19D,E), which
were interpreted as subthreshold postsynaptic currents of coordinated synaptic events.
These events would elicit EPSPs as detected in current clamp recordings. Spontaneous
transient inward currents ("action currents") were also recorded, which (as can be seen
in the first of the two events shown in figure 3.19F) sometimes seemed to be elicited by
summation of the currents of synaptic events.
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Figure 3.19: Recordings of spontaneous activity (current and voltage clamp) in the culture.
A: Recording of subthreshold spontaneous activity from a DIV15 neuron. Note the events
resembling EPSPs (steep rising slope, slower decline). Scalebars in A and B represent 10mV by
500ms. B: Spontaneous AP spiking recorded from a DIV15 neuron. The APs are elicited by
large membrane potential deflections that could be due to EPSP summation. C: Spontaneous AP
spiking without discernable EPSP-like membrane potential deflections recorded from a DIV14
neuron. Scalebars represent 10mV by 1 s. D, E: Voltage clamp recordings of spontaneous inward
currents from DIV14 neurons. Amplitude and timecourse resembling mini-EPSCs. Note the
differences in amplitude and timecourse of events in E. Scalebars represent 50 pA by 100ms (D) or
250ms (E). F: Large, fast spontaneous transient inward currents (action currents) recorded from
DIV14 neuron. Note the events superimposed on the decay-phase of the first event, resembling
the synaptic events shown before (D,E). Scalebars represent 500 pA by 500ms.
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3.5 Assigning identity: evidence from identified NM/NL
neurons
I recorded from 59 neurons of NM (n = 42) and NL (n = 17) of the E 10 chicken prela-
beled by fluorescent tracing ex-vivo. The neurons were recorded after 2 to 5DIV and a
current clamp characterisation was performed.
Surprisingly there were also different AP firing types present in this preparation, but, in
contrast to the mixed culture, the most frequent firing type was the damper type (23
out of 59 neurons; fig. 3.20A). Some neurons (6 out of 59; fig. 3.20B) fired true phasic
APs. The tonic firing type, which was the most frequent in the E 7 mixed culture, was
less often found (8 out of 59). A large proportion of cells (22 out of 59) were categorised
as immature firing neurons.
No differences between NM and NL neurons and/or the two age groups (DIV2 vs DIV5)
were seen, thus the data from the prelabeled neurons were pooled for a comparison with
their E 7 equivalent (see table 3.1). It was found that damper neurons from E10 and E 7
were similar to each other in several manners. They had comparable RMP and input
resistance and their AP thresholds and amplitudes were not different. In E 10 and E 7
phasic neurons had a more depolarised RMP and lower IR than the damper neurons
(indicating a more advanced maturation), but surprisingly AP half-widths were smaller
in both conditions. For other parameters the differences pointed in different directions:
E 7 phasic neurons had slower APs of lower amplitude and peak potential, compared to
damper neurons, while E10 phasic neurons seemed to have more mature (faster, higher)
APs than damper neurons.
In summary it was evident that the damper and to a certain degree the phasic neurons
found in the mixed culture system of the early auditory brainstem resembled identified
NM/NL neurons.
On a more detailed level this set of data required a complex interpretation: basic mem-
brane parameters seemed to develop as a function of time in culture, more or less re-
gardless of excision age (RMP, input resistance). In contrast to this, AP peak potential
and half-width seemed to be dependent on excision age, because both E 10 neuron types
had consistently faster APs than their E 7 counterparts. A third group of results (AP
threshold, AP amplitude; but also AP peak potential) is difficult to explain and might be
an indication of mis-development of certain physiological traits in the serum free culture
system (see discussion chapter beginning on page 56 for this).
3.6 From generalist to specialist – experiments with barn
owl embryos
In a small pilot study, intended to be a proof of principle, embryos from the auditory
brainstem of barn owls (Tyto alba) were used in the same manner as chicken brainstem
neurons. Embryos from around E14/15 were used, a developmental age equivalent to
the chicken E 6.5/7 age (Köppl et al., 2005). The neurons from the barn owl auditory
brainstem of this developmental stage can be successfully taken into low density primary
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damper E10 phasic E10 damper E7 phasic E7 ANOVA
n 21 4 10 12
RMP -47.7mV -51.3mV -45.9mV -60mV (c) p < 0.05
1.6 1.3 5 3.3
IR 1135MΩ 883MΩ 1160MΩ 441MΩ n.s.
151 317 211 60
AP half-width 3.3ms 4.6ms 4.7ms 7.6ms (a) p < 0.05
0.2 0.6 1.5 1
AP threshold -43.2mV -43.2mV -41.7mV -37mV (a,b) p < 0.05
0.8 2.8 1.5 1.2
AP amplitude 64.7mV 76.2mV 63.2mV 54.9mV (b) p < 0.05
2.7 7.6 4.3 3.7
AP peak potential 9.8mV 14.6mV 4.4mV 0.4mV (b) p < 0.05
2 7 4.3 2.2
significant p < 0.05 vs... (a): damper E10, (b): phasic E10, (c): damper E7
Table 3.1: Comparison of electrophysiological parameters between E10 and E7 auditory neurons
Figure 3.20: Exemplary recordings from NM neurons in vitro identified by prelabeling with
fluorescent tracers. While the damper AP fire-type (A) was the most common (see insets for
numbers n of recorded cells) some true phasic firing neurons (B) resembling late embryonic
recordings from brainstem slices were also found. Scalebars represent 100ms by 50mV.
culture (see fig. 3.21A) in serum free conditions. The cells express neuronal markers
(MAP2) and characteristic proteins (calretinin) in vitro (see fig. 3.21B). Furthermore,
the neurons express the synaptic marker Synapsin I in vitro. The staining reveals a
punctiform label comparable to the staining in chicken brainstem cultures shown before
(fig. 3.17 on page 47).
3.7 First application of the culture system in a biohybrid
context
Before actual reconstruction of the auditory brainstem circuitry can be attempted, the
feasibility of techniques of interfacing neurons with technical substrates have to be tested.
In the work presented here I undertook studies of applicability and biocompatibility of
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Figure 3.21: Neurons from the embryonic auditory brainstem of barn-owl embryos (around
E15) could be successfully cultivated. A: The neurons survive in serum free conditions and form
networks of neurites in the culture dish. Phase-contrast; scalebar represent 100µm. B: The cells
expressed neuronal (MAP2; red) and auditory brainstem (Calretinin; green) marker proteins.
Scale is 50µm. C: Punctiform Synapsin-I-like immunoreactivity in culture (green; see arrows in
C) on MAP2 (red) positive neurons indicate capability of synaptogenesis. Scale: 20µm.
culture surfaces, to be used later in the project: growth-guiding structures constructed by
micro-contact printing and new stimulation electrode materials manufactured by sputter-
application of metaloxide (iridium) on a silicon carrier.
3.7.1 Guiding neurite outgrowth: micro-contact printing of ECM proteins
Culture surfaces (uncoated glass coverslips) with a rectangular pattern of lanes in the
µm-range and slightly wider nodes at the crossing points were tested with the auditory
brainstem culture. The neurons survive on these substrates and adhere mostly to the
nodes (see fig. 3.22A). If seeded in low density (calculated density of 50 cells/mm2) some
nodes were left unoccupied and the course of the neurites could be followed in phase
contrast. Most neurites grew along the printed structures faithfully, but sometimes (when
turning in right angles at nodes) the neurites grew across the uncoated glass for short
periods ("cutting the corners"). If neigboring nodes were occupied, small predictable
networks of neurites and somata were found.
In an expansion of these experiments prelabeled NM neurons from the E 10 auditory
brainstem were successfully grown on the same micro-contact printed substrates (fig.
3.22B,C). In these cultures derived from later embryonal stages it was evident, that glial
cells competed with the neurons for the restricted adhesion space and often occupied the
nodes of the structures (see asterisk in fig. 3.22B).
3.7.2 Auditory brainstem neurons on iridiumoxide surfaces
Iridiumoxide sputter-applied onto silicon substrates (named IrOX or Ir in this work) is
an effective material for stimulation electrodes, because it has a large surface area and
a high charge transfer capability. The compatibility of this material with neurons of the
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Figure 3.22: Neurons of the auditory brainstem of the chicken on micro-contact printed surfaces
that restrict adhesion in the culture dish and reduces degrees of freedom for neurite outgrowth.
A: E 7 + DIV3 auditory brainstem neurons on rectangular structure printed with ECM-protein
mix. Scale is 50µm. B: NM neurons identified by tracer injection (E10) on ECM-protein
structure. Dashed lines in B visualise printed pattern. In this case a glial cell occupies the
node space (see asterisk) and the labeled neurons adhere to the line-part of the pattern. The
neurite of this neurons does not strictly adhere to the pattern but leaves the printed structure
at several places (marked by arrows). C: Neurons from B shown in fluorescent imagery reveals
tracer staining. Scale for B and C: 25µm.
chicken (from the auditory brainstem) in serum free culture was tested.
Generally it was found that the material did not hinder neuronal survival and growth
when coated with PDL. By labeling the membrane with DiI, well developed neurons
could be visualised in great detail on the metaloxide substrate (see figure 3.23A). On
uncoated IrOx the neurons seemed to form more clusters indicating a low adhesiveness
of the substrate, and cell survival was slightly reduced. (see fig fig. 3.22B). I measured cell
number and longest neuritic path after 3DIV on coated and uncoated IrOX to quantify
these findings. Fewer cells survived on uncoated IrOX than on coated IrOX or normal
control (PDL coated glass). There was only a small difference between control and
coated IrOX. The neurons did not only survive less successful on uncoated IrOX but the
surviving cells showed impaired neurite outgrowth (fig. 3.22D). Again, no difference was
found between coated IrOX and control, but the uncoated IrOX did not support neurite
outgrowth very well. In this experiment the longest neuritic path was measured after
fluorescent immunocytochemistry against MAP2 which might not label the whole extent
of the neuritic tree, thus the absolute neurite lengths were underestimated compared to
the data in figure 3.2.
Taken together the adhesiveness of uncoated IrOX appeared to be too low to support
proper neuronal survival. Coated with PDL the surface was found to be fully compatible
with neuronal survival and outgrowth.
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Figure 3.23: The electrode material iridiumoxide (IrOX) is compatible with neurons of the
auditory brainstem in culture. A: DiI staining of auditory brainstem neurons on IrOX surface
coated with PDL. Scalebar represents 35µm. B: Exemplary picture showing cultured cells (DAPI
signals) on uncoated and coated IrOX respectively. Cells form clusters on uncoated IrOX which
indicated low adhesiveness of the material. C: Survival of neurons after 3DIV on control (glass
+ PDL), coated IrOX (Ir + PDL) and uncoated IrOX (Ir) expressed as mean number of DAPI
signals per random photograph taken. While there is only little difference between control and
coated IrOX, fewer cells survive on uncoated IrOX. Data expressed as mean (of n = 20 pictures)
and SEM. As the number of independent experiment was only N = 2 no statistical tests were
performed. Inset number give percentage of cells in clusters. D: Neurite outgrowth of neurons
after 3DIV on control (glass + PDL), coated IrOX (Ir+PDL) and uncoated IrOX (Ir) expressed
as longest neuritic path per cell. Data presented as mean and SEM of n > 250 cells. Uncoated
IrOX does support less neurite outgrowth.
4 Discussion
In this thesis I have shown that neurons from the auditory brainstem of the chicken can
be successfully cultivated in a serum free, low density primary culture system. This is an
important requirement for the reconstruction of the NM/NL coincidence detector circuit
as a biohybrid system.
The culture contained mixed cell types but was enriched in auditory brainstem neurons,
as demonstrated by the percentage of calretinin-positive cells and by electrophysiolog-
ical similarities to known recordings from the NM/NL in slices (other studies) and in
identified NM/NL neurons in culture (this study). The neurons in the culture system
showed a maturation and development of neuronal phenotype up to a certain degree of
specialisation. On a detailed level of physiological analysis in current and voltage clamp
however, the neurons in the culture were not identical to auditory brainstem neurons of
the chicken recorded in slices. The neurons in the culture initiated functional synapto-
genesis and formed functionally connected networks.
In preparation for a biohybrid approach it was possible to direct neurite outgrowth of
these neurons along printed protein paths. Also, the culture was compatible with the
electrode material iridiumoxide. This leads to the conclusion that with this culture sys-
tem functional reconstruction of the NM/NL circuitry can be accomplished in the future.
4.1 Identity of the neurons in the culture system
A primary neuronal culture that is generated by dissociation of brain tissue will always
be a mixture of different neural and neuronal celltypes. This was also true for the E 6.5
auditory brainstem culture. Nevertheless several lines of evidence argue for an enrich-
ment of auditory neuronal phenotypes in the culture. The degree of this enrichment, the
actual percentage of the NM/NL-like neurons in the culture, will be discussed in this
section.
A time- and space-specific tissue excision was performed. At E 6.5 the NM and NL
neurons are already post-mitotic, have migrated out of the mantle zone of the rhomben-
cephalon and have formed a pre-nucleus in the dorsal ridges of the hindbrain at the area
of the VIIIth nerve entry (Book & Morest, 1990; Cramer et al., 2000a). The pre-nucleus
can already be identified in Nissl stainings. The innervation of neurons in this pre-nucleus
by the auditory nerve starts at the same time (Molea & Rubel, 2003; Hendricks et al.,
2006). Migratory neuroblast that will later form nucleus angularis (NA) neurons on the
other hand can just be found beginning with E 6.5. Thus the NM and NL neurons are
among the first differentiated neurons in that brain region and will therefore be the most
numerous group of differentiated neurons in the culture system.
This argument is corroborated by several findings. First, it is known that chicken auditory
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brainstem neurons undergo drastic morphological changes during in vivo development. A
marked reduction of primary neurite number is part of this morphological change (Parks
& Jackson, 1984). In my work a reduction of mean neurite number after an initial steep
increase was found. Neither the absolute numbers nor the relative reduction is com-
parable to the in vivo values presented by Parks & Jackson (1984), but nevertheless a
certain reduction of neurite numbers is initiated in vitro. One explanation for the lower
decrease of neurite numbers would be, that auditory brainstem neurons but not "other"
neuron types secondarily reduce primary neurite number. At least for the neighboring
nucleus angularis no such neurite number reduction during development was reported
(Fukui & Ohmori, 2003). No estimation of auditory neuron numbers in the culture can
be made based on this result, nevertheless a certain impact of auditory identity is evident.
More specifically, calretinin-like immunoreactivity was taken as a indicator for audi-
tory brainstem (NM/NL) identity in the culture system. Taking the area of excision (see
above) into account, calretinin is a fairly exclusive marker for NM and NL in birds (Parks
et al., 1997; Kubke et al., 1999). From the beginning of the culture, immediately after
dissociation of the tissue, calretinin-positive cells were found. This is several embryonic
days earlier than reported before in the literature. Parks et al. (1997) report calretinin
mRNA expression as early as E 9, slightly preceding detectable immunoreactivity. How-
ever, I confirmed my finding with immunostainings in histological sections of the E 6.5
brainstem and found weak but distinguishable calretinin immunoreactivity. Surprisingly,
the label was observed to outline the cell bodies in the NM/NL prenucleus and was not
diffuse (cf. Hack et al., 2000).
The calretinin immunoreactivity was maintained over the range of the culture times ob-
served and even increased from about 35% to roughly 45% during the early and mid
phase of the culture.
When characterising the action potential firing patterns, damper and phasic neurons
were found. Together these types make up roughly 25% of the neurons that were recorded.
It was shown with whole-cell patch recordings in slices in several works (Reyes et al., 1994;
Rathouz & Trussell, 1998; Fukui & Ohmori, 2004; Kuba et al., 2002, 2005) that NM/NL
neurons at the time of hatching are exclusivly phasic. Earlier in development, up to E 10-
12, at least NL neurons are damper-firing (Howard et al., 2007). Additionally, it could be
shown that blocking Kv1.1 channels with dendrotoxin transformed E 18 (or older) NM
and NL phasic neurons into damper firing neurons (Rathouz & Trussell, 1998; Howard
et al., 2007) because the phasic firing pattern is mainly governed by the low-threshold
K-current mediated by these channels. Thus, damper and phasic neurons in the culture
are likely of NM/NL identity.
Fukui & Ohmori (2003) reported a stable number of about 20% onset (single or short train
AP) firing neurons in nucleus angularis from E16 onward. I cannot rule out that a cer-
tain amount of migratory NA neuroblasts was present in the culture and might possibly
differentiate into postmitotic neurons displaying the phasic firing pattern. Since Fukui
& Ohmori show pharmacologically that these NA neurons have a channel setup quite
similar to NM/NL neurons, it is very hard to distinguish between phasic NM and phasic
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NA neurons on a physiological level. A detailed post-hoc analysis of the recorded neurons
by filling the cells with biocytin and double-labeling the filled cells with immunostaining
against calretinin (which is not expressed in NA) would make this differentiation possi-
ble. Because of technical difficulties concerning the retention of neurons after recording
no biocytin-filling and post-hoc analysis of neurons was performed in this study.
On a more detailed physiological level, the neurons in the culture differed from NM/NL
neurons in slice recordings, especially considering AP speed. It is important to note that
no such data are available for neurons as early as E 6.5, only studies on later embryonal
days (see Kuba et al., 2002, for example) are available. One has to be careful when
comparing neurons of similar embryonal (in vivo days) and virtual (in vivo plus in vitro
days) ages, since development could be impaired by the serum-free culture condition (see
section 4.4 on p. 63). On the other hand, Kuba et al. report a dramatic change of
membrane time constant from 18.4ms to 3.2ms from E17 to hatching only. Thus, the
degree of immaturity in E 6.5 + DIV - NM/NL neurons should not be underestimated
when critically considering physiological similarities.
Another result corroborates the findings of Howard et al. (2007) described above, and
also underlines my hypothesis, that phasic as well as damper firing neurons were of
NM/NL identity in the culture. Specific pre-labeling of NM/NL neurons by fluorescent
tracing prior to culture preparation showed a high percentage of damper neurons. Be-
sides the immature neurons, the majority (about 45) of all neurons in this preparation
were either damper or phasic. Although there are differences between E 10 and E 6.5
phasic neurons, especially damper neurons seem to represent the same embryonic neu-
ron type in both E 6.5 and E 10. It is however not clear why some of the (presumably)
auditory neurons are already capable of the full phasic firing mode in E 10 as well as in
late phase E 6.5. Howard et al. do not state whether some E 10 or E 12 neurons in slice
recordings were not of the damper type and did only record from NL neurons, which
develop slightly later than NM neurons. It is also known that physiological properties
of neurons within both nuclei develop along the tonotopic axis (Carr & Boudreau, 1996;
Parameshwaran-Iyer et al., 2003; Person et al., 2004). Thus it is possible that phasic
neurons are developmentally ahead of the damper neurons at the time of excision in my
prelabeling experiments because they represent neurons from the high best-frequency
regions. When comparing the four groups of neurons (see table 3.1 on page 52) there are
complex differences between the phasic neurons in E 6.5 + DIV and E10, which would
argue for the hypothesis, that the phasic neurons in the E 6.5 culture developed that
phenotype in vitro. Some of the physiological properties obviously differ from the same
development in vivo.
Taken together I conclude that roughly 14 up to
1
3 of the cells in the culture system were
of NM/NL identity, a yield high enough for further studies towards the reconstruction of
the NM-NL circuitry in vitro.
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4.2 Reduction of neuron numbers in vitro
It is generally accepted that a reduction in neuron numbers in the initial phase of cul-
tivation is due to methodological reasons. The excision and dissociation of the tissue
inevitably generates mechanical, temperature, osmotic and to a certain extent also is-
chemic stress, to which neurons are known to react with apoptosis. These technical
reasons may partially explain the massive loss of cells in the initial phase of the auditory
brainstem culture.
Moreover, the serum free culture system might be an constraining environment for chicken
brainstem neurons per se, because there are indications that these neurons may depend
at least partially on neurotrophic factors for survival (Sokolowski, 1997; Suneja et al.,
2005). A systematic analysis of controlled neurotrophin administration was not per-
formed in this study but could provide further insight into developmental regulation of
auditory brainstem neurons as well as increase the number of surviving cells. On the
other hand, the role of neurotrophins may not exclusively be that of a survival factor.
It is known for example that NL neurons express the BDNF-receptor trkB only in their
ventral dendrites (Cochran et al., 1999). Functions as subtle as this are unlikely to be
normotypically present in an early dissociated culture preparation and were thus omitted
from the experimental questions of this study.
The culture of the auditory brainstem may be more prone to reduction in neuron num-
bers than other culture systems: During normal development of NM/NL a programmed
substantial reduction of neuron numbers was found in the classical work of Rubel et al.
(1976), the reduction being more pronounced in NL than in NM (see Harris & Rubel,
2006, for a review on neuron loss in the auditory brainstem). While the volume of the nu-
clei increases, the number of neurons declines. Interestingly, although the morphological
impact of this process begins to be evident with the onset of activity and synaptogenesis
around E 11 it can be prevented with blockade of AMPA/Kainate receptors from E8
to E 10, before the onset of reliable synaptic transmission (Solum et al., 1997). Those
authors suggests an indirect role of reduced glutamatergic activity and discuss induced
changes in neurotrophin production as a mediator in the in vivo situation. It is not im-
possible that this developmental programme of neuronal apoptosis has an impact on the
neurons in vitro. Especially since it is also known that deafferentation induced reduction
of neuron numbers (Zirpel et al., 2000; Bush & Hyson, 2006) plays a large role in the
auditory brainstem system. Some caution is adviced: After E11 NM neurons need phys-
iological input from the VIIIth nerve for maintenance and survival (reviewed in Rubel
et al., 1990). As a first reaction to deafferentation, the intracellular Ca2+ concentration
of the NM increases, which triggers all further downstream events (Zirpel et al., 1998).
These findings may explain why a cultivation of auditory hindbrain neurons was increas-
ingly difficult with embryonal age. It is however unlikely that these mechanisms play
a role in the induction of cell death in the initial phase of the E 6.5 culture. Although
VIIIth nerve axons are reported to reach NM as early as E 6 (Molea & Rubel, 2003),
transsynaptic activity can not be observed until E 10 (Jackson et al., 1982) and thus NM
neurons have to rely on survival factors other than activity at this early stage.
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4.3 Autonomous neuronal differentiation in vitro
It is evident from the data obtained in this study that the neurons from the auditory
brainstem of the chicken undergo a development of cellular maturation and strengthen-
ing of the neuronal phenotype in vitro. The RMP, more depolarised in the early culture
phase, continually improves during cultivation, which can be attributed to a steady in-
crease of the metabolic capacity of the cells. At the same time axonal and dendritic
structures grew out. This initial increase in membrane area is reflected by an increase
in membrane capacitance. Likewise, the expression of channel proteins increases. This
becomes apparent by a steady decrease of mean input resistances of the neurons and by
an increase in membrane currents measured in voltage clamp recordings.
Analysis of AP firing types revealed a certain inhomogeneity of the neurons in the
culture. A high percentage of neurons is in a very immature state characterised by de-
polarised RMPs, high input resistance and AP-like membrane potential deflections of
very low amplitudes and slow time courses. With increasing age of the culture this type
of neuron was becoming less frequent, which is indicated by the low mean age of this
group. This group of neurons could consist of cells that just reached the post-mitotic
state when taken into the culture and thus needed several DIV to develop into one of the
other neuron types. However, since a comparable percentage of "immature" neurons was
also found in prelabeled NM/NL cultures, which allows to assign auditory identity, there
could be an alternative interpretation. It is also possible that "immature" neurons repre-
sent a damaged or misdifferentiated group of cells, that vanishes from the culture due to
differential cell death. It would have been expected that neuroblasts are not present in
NM or NL at E 10. Without further experiments (ideally utilising single-cell PCR after
physiological analysis) it is not clear which of the two interpretations is true.
With increasing cultivation time neurons in the culture developed action potentials of
increasing maturity. The increase in AP amplitude and peak potential as well as the
reduction in AP threshold potential as was revealed by current clamp recordings indicate
an increase in the density of functional voltage gated sodium channels in the membrane.
I corroborated this hypothesis with voltage clamp recordings and could show, that the
transient inward current elicited by stepping to suprathreshold membrane potentials in-
creased dramatically from early to mid culture phase (and as a trend also between mid
and late). In the literature no distinct specialisation of voltage gated sodium channels
was reported in the chicken auditory brainstem. It is generally accepted that the auditory
neurons increase the speed of AP execution by accelerating the repolarising phase of the
APs via Kv3.1b channels (cf. Wang et al., 1998), but not the upshoot phase. Also, the
postsynaptic glutamate induced currents are keyed towards fast, phasic execution (Ra-
man et al., 1994; Ravindranathan et al., 2000; Lawrence & Trussell, 2000), but again no
specialisation of "general" AP generating voltage gated sodium channels was reported.
Taken together, it appears that the increase in expression and the maturation of the
action potential generating channel system in the neuronal membrane is an independent
function of the auditory brainstem neurons. Very little is known about the development
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of voltage gated sodium channels in auditory systems (Ming & Wang, 2003). The data
presented in my thesis not only indicate that auditory brainstem neurons increase volt-
age gated sodium channel density during development but also hint towards a default
development of this basic but key neuronal function.
The results discussed up to this point are not necessarily confined to the neurons of
auditory indentity in the culture. However more auditory specific parameters also showed
a development in vitro. As was mentioned before, the calretinin phenotype was not only
maintained in vitro, but the percentage of calretinin immunoreactive cells was found to
be slightly increasing. Whether this increase is due to quantitative increase in calretinin
in cells, that initially express the protein below detection level or due to an differential
survival of auditory vs. non-auditory cells cannot be concluded based on the finding pre-
sented here. These results show nevertheless, that the calretinin phenotype is determined
very early in development and maintained independently of cellular surrounding and ac-
tivity, as was reasoned before by Parks et al. (1997). However, results obtained in other
systems (Fuentes-Santamaria et al., 2005) indicate an activity-dependent regulation of
calretinin. It is possible that the early determination and autonomous maintenance of
calretinin-expression is limited to birds.
Two functionally relevant markers for NM/NL neurons were also found in the culture:
the voltage gated potassium channels Kv1.1 and Kv3.1b. Using immunostainings with
antibodies directed against these proteins the expression could be detected in vitro. The
percentage of cells positively labeled with these antibodies was low though. Only about
10% of the cells (and that only in mid or late phase) expressed the channels in detectable
levels. This marks the lower boundary of the possible estimation of the percentage of
auditory neurons in the culture. Nevertheless this corroborates the findings by Feng &
Morest (2001), that Kv3.1b is expressed in vitro independent of input. To my knowledge
a comparably early expression of Kv1.1 was not shown in the chicken auditory brainstem
before.
Using voltage clamp recordings I tried to corroborate these findings on a functional level.
Although no pharmacological isolation of currents was performed, an increase in high-
threshold total membrane current (measured at 0mV) was seen. This would include
both Kv1.1 and Kv3.1b mediated currents (Gutman et al., 2005), which was corrected
by subtracting the current measurable at -30mV (low-threshold current only). Although
several sources of variability (rough approximation of membrane area by an also only
estimated Cm) added up in the calculation of specific conductances for the different cur-
rents analysed, the data from this set should be accepted as a trend. Especially because
the effect of the high-threshold outward channels were becoming more evident during the
development of the neurons in the culture. The AHP amplitude and the AP decay time,
both linked to the repolarising potassium current drive, increased in culture. However,
the absolute currents measured for either high- and low-threshold were too low. Section
4.4 includes a more detailed discussion of the impaired development of these currents.
A promising (but on the other hand also problematic) finding in this context are the
true phasic neurons found in the culture. As already mentioned, these are not found in
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recordings in slice preparations of NM until E 14, when Kv1.1 is dramatically upregu-
lated (Howard et al., 2007). Of course it can not be excluded that other combinations of
membrane conductances lead to this AP firing behavior. As an alternative view it could
also indicate that a small subset of neurons indeed develop functional low-threshold K+
conductances, despite my conflicting findings (see next section).
Much emphasis was put on the question whether the auditory brainstem neurons would
form functional synapses in the culture system.
Between early and mid culture phase punctiform zones of immunoreactivity against presy-
naptic markers form. Double-labeling with two different synaptic markers revealed that
these indeed correspond to organised synaptic zones – while a immunolabeling might be
punctiform because of staining artifacts, it is very unlikely that a high degree of colabel-
ing will be found between two such signal types by chance. Besides, a higher incidence
of punctiform labels was found in dendritic structures of the neurons in the culture than
elsewhere.
A functional assay of vesicle uptake with the styryl dye FM1-43fx additionally indicated,
that zones of high vesicle uptake activity were of comparable size. A lower number of
functionally labeled punctae were visible, when compared to the immunocytochemical
stainings of synaptic zones. It is not uncommon neither in cell culture (see Dubinsky
& Fischbach, 1990, for example) nor in vivo development (see Rumpel et al., 1998, for
example), that morphologically developed synapses are physiologically silent. Another
possibility could be, that the morphologically determined synapses were not yet fully
functional and thus did not show an FM1-43fx label in my experiments.
Physiological evidence was nevertheless needed to confirm the hypothesis of synaptic ac-
tivity in the culture. Using an extracellular stimulation approach, postsynaptic activity
could be recorded from neurons in the culture. The high percentage of neurons in which
this experimental regime was successful underlines the high amount of synaptic connec-
tions between neurons in the culture dish. Moreover, different "paths of excitation" to
a given neuron with different latencies were sometimes evident after repositioning the
electrode. This finding, together with the long-lasting nature of postsynaptic activity
that was seen, suggests integrated networks of neuron in the culture. The network could
be driven to a higher degree of activity by our experimental approach.
Of course the claim of rich synaptic networks in culture also implies, that spontaneous
activity patterns should be found. Dissociated cultures from other brain regions can de-
velop very complex recurring activity patterns over quite long time scales (van Pelt et al.,
2004a,b, 2005). It was however not expected to find spontaneous activity in the culture
of the auditory brainstem of chicken, because primordial spontaneous bursting activity in
the auditory system is generated upstream of NM (Lippe, 1994) in cochlear ganglion cells
(Jones et al., 2001). Based on the finding that most spontaneous neurons in the mixed
culture fired tonic APs, I conclude that neurons other then NM/NL neurons took on
the role of spontaneously discharging pacemaker cells. The impact of this activity could
be seen in current as well as voltage clamp recordings. Spontaneous spiking was found,
predominantly in older cultures, and action potentials were often accompanied by EPSP-
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like potential deflections. This indicates that the activity was transmitted by chemical
synapses in the culture. The occurrence of detectable mini-EPSCs in voltage clamp and
strong spontaneous inward currents, that resembled synaptically driven inward currents
recorded in slice preparations of the auditory brainstem (Lawrence & Trussell, 2000),
provided additional evidence for chemical synapses between the neurons in the culture.
In an incidental finding inhibitory postsynaptic activity was found after extracellular
network stimulation in the culture. Of course I cannot totally rule out that the potential
(see fig. 3.18C on page 49) is due to a slowly deactivating K-current activated by the small
subthreshold depolarisation due to the stimulation artifact. It is however unlikely that
this potential was due to an AP afterhyperpolarisation, because the preceding "spike"
is of too low amplitude and clearly does not represent an directly elicited AP. Still, it
is not clear where neurons of GABAergic or glycinergic phenotype should come from in
the culture. The time and space specific tissue excision excludes SON neurons, which
are a major source of inhibition in the auditory brainstem of the chicken (Burger et al.,
2005a,b). In chicken and barn owl, scattered GABAergic neurons are found surrounding
the NM and NL (Carr et al., 1989; Code et al., 1989). To my knowledge it is unknown
where these neurons are born, when they reach their target area and when they mature.
Since the SON neurons are derived from the same rhombomeres as NM/NL (Cramer
et al., 2000a), the scattered GABAergic neurons could very well also originate in that
region and thus be included in the culture. Very little is known about the development
of either source source of inhibition. Since there is a considerable amount of evidence
that GABAergic (shunting) inhibition is important in the auditory brainstem coincidence
detector (Joseph & Hyson, 1993; Yang et al., 1999; Monsivais et al., 2000; Dasika et al.,
2005), it would be worthwile to further investigate into this direction.
Taken together the evidence for synaptogenesis in the culture of the early auditory brain-
stem is strong. There are reports in the literature that synaptogenesis takes place in a
deafferented auditory system (Zirpel et al., 1998; Youssoufian et al., 2005). This finding
can be confirmed by the in vitro experiments presented here. Moreover, it is tempting
to match the virtual age of the onset of synaptogenesis in vitro (E 6.5 + 3DIV) with the
known onset of this process in vivo at E 9-10 (Jackson et al., 1982; Kubke & Carr, 2000;
Alladi et al., 2002). Whether this is due to pure coincidence or action of a "developmen-
tal clock" can not be answered here.
In summary, a stable autonomous differentiation towards a functional neuronal pheno-
type was found in the culture, which is in line with various reports in the literature of an
early and irrevocable determination of the general auditory phenotype in the auditory
brainstem.
4.4 Incomplete specialised development in the culture
I analysed the data under the assumption that the virtual age of the late phase of the
culture corresponds to late embryonal or pre-hatch stages in vivo. In comparison to the
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literature on auditory brainstem neurons, some of the parameters analysed reveal an in-
complete development, even when only damper and phasic neurons – as the most likely
candidates for auditory identities in the culture – are included.
The half-width of action potentials in the auditory brainstem of about 0.25ms (Reyes
et al., 1994) is extremely short in recordings in slice preparations, but not in my study.
With values ranging from 3.3ms (damper, E 10) to 7.6ms (phasic, E 6.5) the APs in
vitro are an order of magnitude to slow. This might be due to the recording conditions
at room temperature, which was mostly close to 20◦C. When comparing the specific
conductance of the high-threshold outward current measured in vitro (30µA/cm2) with
literature values of about 150µA/cm2 (derived from Rathouz & Trussell, 1998; Kuba
et al., 2002) it becomes clear, that the repolarising drive and thus the speed of repo-
larisation is hampered in neurons in the culture. What could be the reason for that?
It is known that Kv3.1b channels are influenced by activity-dependent mechanisms in a
transcriptional and/or translational (Alladi et al., 2002; Lu et al., 2004) manner as well
as post-translationally (Song et al., 2005) by activity-dependent protein phosphorylation.
Moreover it is known from other studies in our laboratory (Masterthesis of Yu Sun), that
the Kv3.1b protein expression is clearly upregulated between DIV3 and DIV7 in the cul-
ture, which resembles the temporal dynamics of in-vivo development (Hendriks et al.,
1999b; Parameshwaran-Iyer et al., 2003). Obviously, the level of activity of Kv3.1-like
high-threshold K-conductance is functionally insufficient in the culture. Whether this
is due to an insufficient amount of protein or other regulatory mechanisms cannot be
concluded based on the data set at hand.
The fact that in the late phase of the culture damper neurons are still found, although
at that virtual age these should have changed into phasic neurons (Howard et al., 2007)
shows that Kv1.1 channels to not reach the same functional impact on neuronal phys-
iology in vitro. In voltage clamp recordings I could show that the amplitude of low
threshold outward current (at -50 to -40mV) is very low. In fact, the damper neurons
in the late phase of the culture resemble phasic auditory neurons under the influence
of the Kv1.1 blocker dendrotoxin (Fukui & Ohmori, 2003; Kuba et al., 2003; Howard
et al., 2007). Again as for Kv3.1, the Kv1.1 protein could be detected in culture by
different methods (immunocytochemistry, biochemical methods). Only little is known
about the regulation of Kv1.1 (Lu et al., 2004) in chicken, but this channel seems to
be activity-dependently regulated in development in other species (Grosse et al. 2000,
Scott et al. 2005, Bortone et al. 2006; but see Caminos et al. 2005). Nevertheless, the
channel is either expressed too low or inactivated by mechanisms unknown in the culture.
While an autonomous component of differentiation in the auditory brainstem could
be shown, the arguments above also make clear that at least to a certain extent activity
dependent regulation plays a role in development (as reviewed by Friauf & Lohmann,
1999). The knowledge of detailed mechanisms is at best incomplete and further studies
will be needed to understand the complex nature of development in this sensory pathway.
While effects as complex and subtle as changes in dendritic structure by synaptic input
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integrity (Sorensen & Rubel, 2006) are unlikely suited for studying in an in vitro system,
investigating the role of patterned activity and the nature of sufficient activity patterns
will be well within methodological reach of the biohybrid NM/NL reconstruction.
4.5 Comparison with other culture systems of the auditory
brainstem
A small number of studies with auditory brainstem neurons in vitro have been performed
by other groups. In the following paragraphs these studies will be compared to the work
presented here regarding methodological differences and conclusions drawn.
Zhou et al. (1996) established an in vitro model of the early acoustico-vestibular anlage
by explanting the rhombic lip region containing the presumptive NM (at E 5.5) into a
serum containing culture. The migratory neuroblast of presumptive NM identity differ-
entiate into postmitotic neurons and those authors argue that the migratory neuroblast
population that leaves these tissue explants are enriched in NM identities.
Feng & Morest (2001) using the same system as described above could show that early
NM neurons express the adult Kv3.1b potassium channel, as was found in my culture
system. This corroborates the findings that baseline Kv3.1b expression is maintained in
an independent manner in the early brainstem. Those authors do not report an in vivo
like upregulation of Kv3.1b expression at the time of synaptogenesis.
Hendriks et al. (1999b) (also: Hendriks et al. 1999a) recorded from short-term cultures
of NM neurons derived from tissue explants of the auditory brainstem of the chicken
through the whole range of embryonal development. The proliferative and migrational
zones were explanted from very young (E 2 to E 6) embryos. Later on (E 7 and older)
the authors explanted the NM by morphological criteria and fine dissection. A serum
containing culture system with a collagen substrate was used. Interestingly, the find-
ings concerning voltage activated outward conductances presented by these authors are
similar to my results. While the authors show a development of high-threshold outward
currents during the course of the embryogenesis, the absolute currents are orders of mag-
nitude lower than those seen in recordings from slice preparations. On the other hand,
the authors never observed any low threshold currents or hyperpolarisation-activated
currents in any embryonic age (Hendriks et al., 1999b, p.798), which was unexpected. In
contrast to this I found several instances of IH effects in older cultures. Taken together
this might indicate an adverse effect of cultivation that leads to non-physiological down-
regulation or inhibition of channels, very likely due to the extreme deafferentation-like
effect of dissociation. I could additionally show that a certain degree of recovery takes
place after longer term cultivation of the neurons.
Compared to the three studies presented above the E 6.5 mixed culture system presented
in this thesis was superior regarding controlability (serum-free media, artificial protein
substrate), while at the same time achieving similar specificity of contained neuron types
through the time and space specific excision. Thus more precise conclusions on au-
tonomous differentiation of the NM/NL system can be drawn from the culture system
presented in this thesis.
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Lawrence & Trussell (2000) on the other hand used a system of prelabeling by ex-
vivo tracing that is comparable the one used in this thesis. These authors are capable
of labeling NM neurons on E 10 and E 17, which are cultivated in a serum containing
culture system on a confluent layer of astrocytes. This culture is similar to the late
culture phase of the mixed E 6.5 culture. Lawrence & Trussell are able to show that a
specific developmental switch towards specialised physiology is not taking place in vitro
in neurons cultivated at E 10. But once the developmental step took place in vivo the
phenotype was maintained in the culture. An interesting finding of these authors is, that
long term cultivation of the E 10 neurons resulted in even less specialised physiological
states. Thus a certain amount of degeneration effects are visible in other culture systems,
as was observed in the comparison of mixed E 6.5 culture to prelabeled E 10 culture (see
section 3.5 on page 51).
Taken together, these previous studies underline the findings of the experiments pre-
sented in this thesis: a general maturation of auditory neuronal identities is visible, but
more specialised traits do not develop in vitro. If specialised traits are already defined in
vivo prior to cultivation, these phenotypes will not be lost but maintained by the neurons.
A comparable study in a different species was performed by Fitzakerley et al. (1997).
Here neurons from the cochlear nucleus of the rat were cultivated in serum containing and
serum free medium. There are some parallels between that study and the work presented
in this thesis regarding the development of basic membrane properties. Similarly these
authors find a reduction of the percentage of spiking cells in cultures older than 10DIV
and very high initial input resistances in the GΩ-range in early cultures, which quickly
developed into more physiological mean values. Also, the course of the development of
the membrane capacitance, the inward current and the steady state outward current is
similar. Fitzakerley et al. (1997) draw similar conclusions from their findings: a general
maturation of membrane properties takes place in vitro but certain physiological (and
anatomical) specialisations do not develop in the culture situation.
The results presented in section 3.6 on page 51 also show a culture of the auditory
brainstem from a different species: the barn owl. Although no physiological data was
obtained from barn owl auditory embryonic neurons, it was possible to cultivate these
neurons in identical manner to the chicken neurons. Moreover the barn owl neurons
expressed the characteristic marker calretinin and showed morphological indications of
synaptogenesis, analogous to the chicken neurons. This provides interesting insight into
the development of the NM/NL system. The barn owl is a auditory specialist in com-
parison to the chicken, which is a generalist. It was shown (reviewed in Kubke & Carr,
2000) that early developmental steps are comparable between the two species. Thus, the
owl auditory brainstem circuitry seems to be a more derived development on top of a
phylogenetic ground state of very similar basal developmental steps early in development.
It will be very interesting to actually perform physiological experiments with barn owl
NM/NL neurons in vitro, possibly comparing early (corresponding to chicken E 6.5) and
later (post synaptogenesis) ages of culture preparation.
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4.6 Usefulness of the auditory brainstem culture as a
biological component in biohybrid systems
First of all it is important to point out, that the impaired specialisations discussed in
section 4.4 do not preclude the reconstruction of NM/NL circuitry as part of a biohybrid
system in vitro. On the contrary, since I could show that the neurons will easily form
functional networks, such a system will allow very interesting possibilities to study the
activity dependence and the role of patterned activity in the auditory pathway in a way,
that was methodologically impossible before. Thus, in addition to in depth studies of
coincidence detection physiology and increase in technical understanding of interfacing
neurons with microchips and guiding their network formation, a third line of investiga-
tions in fundamental mechanisms of developmental neurobiology will be possible.
In the following section I would like to comment on the applicability of the early auditory
brainstem culture in biohybrid systems.
It could be shown, that the neurons are compatible with the stimulation-electrode
material iridiumoxide, when it is coated with a suitable protein surface. On pure irid-
iumoxide the cells also survive fairly well, but are not capable of growing out neurites
and thus cannot form networks. This will not be a problem in the construction of the
system, since a growth pattern will be printed onto the silicon/iridiumoxide substrate to
guide the outgrowth of the neurons in a controlled manner. The stimulation electrodes
will be situated at the nodes of such pattern and therefore be coated with protein.
The possibility of guiding neuronal outgrowth was demonstrated as well. The auditory
brainstem neurons can be grown on small scale areas of the culture substrate coated with
a protein mix. In this case the neurons predominantly grow on and send out neurites
along the micro-contact printed lanes and nodes. Also, the even lower overall cell density
does not seem to impair outgrowth and survival.
One major challenge that remains to be addressed for the actual reconstruction of
the NM/NL circuit is the methodological differentiation between the two populations of
neurons. NM and NL neurons differ in size and dendrite structure when analysed at
later embryonal stages, but are remarkable similar to each other in many other aspects.
The neurons stem from the same somites in development (Cramer et al., 2000a), migrate
along similar paths and even form a common prenucleus at the beginning of their devel-
opment (Book & Morest, 1990). Microsurgical differentiation of the nuclei will thus not
be possible at stages as early as used in this work. Two strategies are possible from here:
one could use NM/NL neurons of later embryonal stages, where microsurgical tissue ex-
cision is possible or apply a cell sorting approach to the preparation of the culture. The
latter is an attractive method that has been already applied in our laboratory (Moenig
& Luksch, 2006), but depends on at least one differentially expressed surface protein.
Signalling proteins from the Ephrin/Eph families might be candidate molecules for such
an approach (Cramer et al., 2000b, 2002, 2004; Person et al., 2004).
But in this work a different approach was taken. Neurons of NM and NL were differ-
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entially labeled with fluorescent tracers at E 10. This age is just at the beginning of
synaptogenesis and dependence of activity for survival, so cultivation of these neurons
was successful. The prestaining allows post-hoc identification of the neurons. With a
sufficiently restricted growth environment, as I could create with micro-contact printing
of surface patterns, NM-NL synaptic connections, and thus an extremely reduced version
of the NM/NL circuitry, can be found in culture just by chance. In the future differ-
ential fluorescent prelabeling of NM/NL neurons will allow more defined manipulations
of these cells. Not only could a preparative fluorescent-activated cell sorting (FACS) be
performed, but single-cell manipulation and construction of mini-circuits may be possible
with optical manipulation methods ("laser-tweezers") (see Baumgartner et al., 2003, for
example).
Taken together, I demonstrated the suitability of the NM/NL neurons in culture as the
biological component of a biohybrid coincidence detector system. In the next step the
synthesis of results of studies on the technical and biological side into actual biohybrid
systems resembling the form and function of the NM/NL circuitry in the avian brain can
be tried.
5 Summary
Neuronal cell culture systems have many advantages for studies on cellular and small-
scale network level. But a conceptual problem in analysing functional neuronal networks
in dissociated cultures is, that no biological function can be attributed to the system.
Thus, no prediction of the output of the circuit after a given input can be made. This
dilemma can be solved with the approach to reconstruct a neuronal network in vitro
after a model circuit of known biological function. The sound localisation circuit from
the auditory brainstem of birds is an ideal candidate for this. It consist of two neuronal
populations (Nucl. magnocellularis, NM and Nucl. laminaris, NL), which are highly
specialised in their physiology. The embryonic development of these nuclei and their
connctions have already been studied in vivo.
This study was undertaken to prove that neurons from the auditory brainstem of the
chicken can be taken into a primary culture and to characterise their properties in vitro.
This knowledge provides the basis for later attempts to reconstruct the NM/NL circuit
as a biohybrid system.
Neurons from NM and NL were excised at an early stage of development (E 6.5) and
cultivated for up to 15 days in vitro. The cells in the culture formed networks of
neurites, expressed neuronal marker proteins and differentiated into dendritic and ax-
onal compartments. The outgrowth of the neurites could be successfully guided with
micro-contact printed protein structures. Moreover, the neurons were compatible with
metal/semiconductor surfaces as culture substrate, if coated with protein.
I could show that about one third of the neurons expressed calretinin, a more specific
marker of auditory brainstem neurons. This was true for neurons from the chicken as
well as barn owl brain of corresponding developmental stages. Also, a smaller amount
of neurons were found to be positive for specialised voltage gated potassium channels.
A significant maturation of basic membrane properties (resting membrane potential,
membrane resistance, membrane capacity) could be determined in whole-cell patch ex-
periments. Levels comparable to that in late embryonic/hatch neurons of NM/NL were
reached. About 25% of the neurons showed action potential (AP) firing patterns similar
to those seen in NM/NL in slice recordings. However, damper as well as true phasic
firing types were found, which can be attributed to early and late developmental states
of NM/NL neurons. It was proven by prelabeling of NM/NL neurons with fluorescent
tracers, that neurons of those firing types in the culture are of auditory origin. AP am-
plitudes and voltage activated inward currents recorded in voltage clamp experiments
developed towards a mature phenotype in vitro. These data suggest, that the general
maturation of neuronal function is an cell-autonomous process in the auditory brainstem
neurons of the chicken. However, a detailed analysis of the temporal dynamics of APs
revealed impaired development of specialised features. This was corroborated in voltage
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clamp recordings. Though characteristic voltage-activated outward currents were found
and did increase during in vitro development, the currents were an order of magnitude
too low. I suppose that initiation and strengthening of expression of these characteristic
channel proteins are different developmental processes in the auditory brainstem neu-
rons. Whether patterned excitatory input plays a role in these processes is a question
that could be addressed with a biohybrid reconstruction of the circuit.
Functional synaptogenesis is a prerequisite for the reconstruction of in vitro circuits.
With a variety of methods I could prove that synaptogenesis took place in the culture.
Synaptic marker proteins were colocalised in punctiform domains on dendrites and so-
mata of the neurons. A functional imaging of vesicle uptake with styryl dyes revealed
punctiform domains of similar size, indicating synaptic zones. Recordings of excitatory
postsynaptic potentials and APs after extracellular stimulation and recordings of minia-
ture excitatory postsynaptic currents provided further evidence for synaptic transmission
between neurons in the culture.
This study demonstrates that the neurons from the avian auditory brainstem circuit is
well suited as the biological component of a biohybrid system to analyse principles of
neuronal conncectivity. My results also show the differentiation of NM and NL neurons to
be determined by cell-autonomous and activity-regulated processes. More insight could
be provided with long-term examination of the development of the biohybrid in vitro
version of the circuit.
6 Zusammenfassung
Neuronale Zellkulturen bieten viele Vorteile für Untersuchungen auf dem Niveau einzelner
Zellen und kleiner Netzwerke. Aber ein konzeptionelles Problem bei der Analyse funktio-
neller neuronaler Schaltkreise in dissoziierten Kulturen ist, dass dem System keine biolo-
gische Funktion zugeordnet werden kann. Daher kann keine Vorhersage über die Reaktion
des Schaltkreises auf einen bestimmten Eingang gemacht werden. Die Rekonstruktion ei-
nes neuronalen Netzwerks in vitro, nach dem Vorbild eines Schaltkreises mit bekannter
biologischer Funktion, kann dieses Dilemma lösen. Der Schaltkreis für die Schalllokalisati-
on aus dem auditorischen Stammhirn der Vögel ist ein idealer Modellschaltkreis dafür. Er
besteht aus zwei Populationen von Neuronen mit hochspezialisierter Physiologie (Nucl.
magnocellularis, NM und Nucl. laminaris, NL). Die Embryonalentwicklung dieser Kern-
gebiete und und ihrer Verschaltung in vivo ist bereits gut untersucht.
Diese Studie wurde angefertigt um zu zeigen, dass Neurone aus dem auditorischen Stamm-
hirn des Huhns in Primärkultur gehalten werden können, und um ihre Eigenschaften in
vitro zu bestimmen. Damit soll die Grundlage für spätere Versuche, den Schaltkreis als
biohybrides System zu rekonstruieren, geschaffen werden.
Die Neurone aus NM und NL wurden in einem frühen Entwicklungszeitpunkt (E 6,5)
entnommen und für bis zu 15 Tage kultiviert. Die Zellen bildeten Neuritennetzwerke
in Kultur, exprimierten neuronale Markerproteine und waren in dendritische und axo-
nale Kompartimente differenziert. Das Dendritenwachstum konnte erfolgreich mit im
micro-contact printing Verfahren erstellten Oberflächenstrukturen gelenkt werden. Dar-
überhinaus waren die Neurone mit Halbleiter/Metalloxid Oberflächen kompatibel, wenn
diese mit einer Proteinbeschichtung versehen waren.
Ich konnte zeigen, dass etwa ein Drittel der Neurone Calretinin exprimierten, ein spezifi-
scherer Marker für Neurone des auditorischen Stammhirns. Dies galt für Neurone aus dem
Hühnchen, aber auch für solche, die zu äquivalenten Entwicklungsstadien aus dem Ge-
hirn von Schleiereulenembryonen entnommen wurden. Desweiteren wurden in einem klei-
neren Teil der Neurone spezialisierte spannungsgesteuerte Kaliumkanäle gefunden. Ein
signifikante Reifung grundlegender Membraneigenschaften (Ruhepotential, Membranwi-
derstand, Membrankapazität) konnte durch whole-cell patch Ableitungen festgestellt wer-
den. Dabei wurden Niveaus vergleichbar mit denen in spätembryonalen oder geschlüpften
NM/NL erreicht. Zudem zeigten etwa 25% der Neurone Aktionspotentiale (AP) in Mu-
stern, wie sie von Ableitungen von NM/NL in Gehirnschnitten bekannt sind. Es wurden
jedoch sowohl dämpfende als auch phasische AP-Muster gefunden, die in vivo frühen
und späten Entwicklungszuständen der NM/NL Neurone entsprechen. Dass es sich bei
beiden gefundenen Feuertypen um auditorische Neurone handelt, konnte durch Ablei-
tung von, mittels fluoreszentem tracing, vormarkierten NM/NL Neurone in dieser Arbeit
bewiesen werden. Die Amplituden der APs und spannungsaktivierter Einwärtsströme,
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welche in voltage clamp Experimente gemessen wurden, entwickelten sich in vitro hin
zu einem reiferen Phänotyp. Diese Ergebnisse deuten an, dass die Reifung allgemeiner
neuronaler Funktion ein zellautonom gesteuerter Vorgang in Neuronen des auditorischen
Stammhirns des Huhns zu sein scheint.Jedoch ergab eine detaillierte Analyse der AP
Zeitverläufe eine beeinträchtigte Entwicklung spezialisierter Eigenschaften. Dieser Ein-
druck wurde durch voltage clamp Ableitungen bestätigt werden: obwohl charakteristische
spannungsaktivierte Auswärtsströme gefunden wurden und diese sich im Verlauf der in
vitro Entwicklung verstärkten, waren die Ströme um etwa eine Größenordnung zu gering.
Ich vermute, dass die Einleitung und die Verstärkung der Expression dieser charakteristi-
schen Kanalproteine verschiedene Entwicklungsprozesse in Neuronen des auditorischen
Stammhirns sind. Ob letzteres von gemustertem erregendem Eingang abhängt, ist eine
Fragestellung, die mit einer Rekonstruktion des Schaltkreises als biohybrides System un-
tersucht werden kann.
Funktionelle Synaptogenese ist eine Voraussetzung für die Rekonstruktion von Schalt-
kreisen in vitro. Mit verschiedenen Methoden konnte ich zeigen, dass Synaptogenese in
der Kultur stattgefunden hat. Synaptische Markerproteine zeigten sich kolokalisiert in
punktförmigen Domänen auf Dendriten und Somata der Neurone. Durch funktionelle
Darstellung der Vesikelaufnahme mit einem Styrylfarbstoff ließen sich ebenfalls punkt-
förmige Domänen vergleichbarer Größe darstellen, was auf synaptische Zonen hindeutete.
Ableitungen von erregenden postsynaptischen Potentialen und Aktionspotentialen nach
extrazellulärer Stimulation und Ableitungen von postsynaptischen Mini-Strömen boten
weitere Hinweise für synaptische Transmission zwischen Neuronen in der Kultur.
Diese Studie zeigt, dass sich die Neuronen des auditorischen Stammhirns der Vögel gut als
biologische Komponente eines Biohybridsystem eignen, welches die Prinzipien neuronaler
Verschaltung untersuchen soll. Meine Ergebnisse zeigen ausserdem, dass die Differenzie-
rung der NM und NL Neurone von zell-autonomen und aktivitätsregulierten Prozessen
bestimmt wird. Eine Langzeituntersuchung der Entwicklung einer biohybriden Version
dieses Schalkreises könnte das Verständnis um diese Prozesse verbessern.
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8 Appendix
8.1 Glossary
AHP after hyper-polarisation
AP action-potential
Cm membrane capacitance
DAPI 4’,6-diamidino-2-phenylindol
DiI 1,1’-dioctadecyl-3,3,3’,3’- tetramethylindocarbocyanine perchlorate
DIV days in vitro
DMEM Dulbeccos’s modified Eagle’s medium
E embryonal day
ECM extracellular matrix
EDTA ethylendiamintetraacetate
EPSC excitatory postsynaptic current
EPSP excitatory postsynaptic potential
GABA γ-aminobutyric acid
GFAP glial fibrillary acidic protein
HBS HEPES-buffered saline
HBSS Hank’s balanced salt solution
HH Hamburger-Hamilton stage
HTC high-threshold activated current
Ih inward hyperpolarisation activated current
Kv m.n voltage-gated potassium channel, isoform n of subunit m
LTC low-threshold activated current
MAP2 microtubule associated protein
NA nucleus angularis
NF200 neurofilament 200 kDa
NL nucleus laminaris
NM nucleus magnocellularis
PBS phosphate buffered saline
PDL poly-D-lysine
Rm membrane resistance
RMP resting membrane potential
SEM standard error of the mean
SON superior olivary nucleus
SV2 synaptic vesicle protein 2
tIC transient inward current
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